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ABSTRACT 

 The nervous systems of lower vertebrates, such as the lamprey, share 

many of the basic features of the brain and spinal cord of higher vertebrates.  

However, unlike humans and other higher vertebrates, the lamprey displays 

robust axonal regeneration in the central nervous system following neural injuries.  

For example, following spinal cord transections, the descending axons of brain 

neurons regenerate and reconnect with spinal targets so that locomotor behavior 

recovers in a few weeks. 

 The sensory and motor areas of the vertebrate nervous system often 

exhibit a topological or somatotopic organization, presumably to facilitate efficient 

transmission and processing of information.  Preliminary results suggested the 

existence of a topological organization of the trigeminal system in the lamprey.  

The purpose of the current study was two-fold:  (1) confirm the topological 

organization of the trigeminal system in normal animals; and (2) determine if this 

organization is restored following trigeminal nerve transection.  Anatomical 

double labeling techniques with fluorescent tracers, Alexa 488 and TRDA, were 

used to confirm the existence of a topological organization in normal and 

trigeminal-nerve lesioned animals.   

 First, in normal animals, the topological organization of the trigeminal 

nerve was confirmed.  Specifically, Alexa 488 applied to the anteromedial oral 

hood (anterior head) labeled motoneurons in the medial part of the trigeminal 

motor nucleus (nVm) and sensory axons in the medial part of the trigeminal 

descending tracts (dV).  In addition, TRDA applied to the anterolateral oral hood 
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labeled trigeminal motoneurons in nVm and sensory axons in dV that were 

located laterally in these structures.   

 Second, in trigeminal nerve-lesioned animals, the topological organization 

of the trigeminal system, especially in nVm, was restored.  Following trigeminal 

nerve transection, experimental animals were separated into different recovery 

groups (4, 8, 12, or 16 weeks), and Alexa 488 and TRDA were applied to the 

same regions of the oral hood as in normal animals.  The results indicate that at 

the longer recovery times (12 and 16 weeks), experimental animals showed a 

topographic organization of the trigeminal system, particularly nVm, as in normal 

animals.  Moreover, with increasing recovery times, experimental animals 

recovered trigeminal-evoked escape swimming responses.  Finally, 

electrophysiology experiments suggest that trigeminal sensory axons 

regenerated and synapsed with second-order sensory neurons in the brain so 

that trigeminal-evoked synaptic responses were restored in reticulospinal 

neurons.  These data strongly support the existence of a topological organization 

of the trigeminal system in normal animals, and at least a partial restoration of 

this organization following trigeminal nerve transection.   

 The restoration of the topological organization of the trigeminal system in 

nerve-injured lampreys suggests the possible involvement of guidance cues.  For 

example, previous studies in fish with optic nerve lesions have shown the 

involvement of EphA/ephrin-A in the guidance of regenerating retinal axons and 

the restoration of a topological organization of the retinotectal system.  For the 

present project, future studies might involve cell culture of trigeminal 



 

 

viii 

 

motoneurons or trigeminal sensory ganglia grown in an environment with 

guidance molecules (stripe assay, Dunn’s chamber), such as ephrin.  Time-lapse 

video could be used to study the chemoaffinity between growing neurites and the 

molecular guidance cues.  Identification of these guidance cues may provide 

insights into methods for improving neural regeneration in higher vertebrates, 

including perhaps humans. 
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INTRODUCTION 
 

 Many parts of the nervous system exhibit a somatotopic or topological 

organization, which describes how different sensory and motor parts of the 

central nervous system (CNS) are systematically associated with or “mapped” to 

different regions of the body.  This organization is thought to allow for more 

efficient processing of neural information (Kerr et al., 1968).  For example, the 

motor cortex and sensory cortex that control movements of and receive sensory 

information from specific body parts, respectively, are not randomly organized 

but have a systematic (somatotopic) organization (Fig. 1).  In a more general 

sense, rostral (caudal) regions of the CNS often receive sensory input from and 

project motor output to rostral (caudal) regions of the body.  Specifically, cervical 

parts of the human spinal cord “service” upper parts of the body, including the 

arms, while the lumbar spinal cord services the legs and hips.  Within the spinal 

cord, medially located motoneurons (MNs) project to medially located body 

muscles mostly in the trunk, while lateral MNs project to muscles in lateral parts 

of the body (i.e. extremities), such as the arms and legs.  Also within the spinal 

cord, sensory axons in ascending tracts are organized somatotopically with 

respect to where in the body the sensory inputs originate.  During development, it 

is thought that various types of guidance cues organize the positions of sensory 

and motor axons and neuronal cell bodies in a somatotopic/topological fashion 

(Triplett and Feldheim, 2012).   

 In humans, the trigeminal nerve (cranial nerve V) is responsible for 

transmitting sensory inputs from the face and head to the brain, including inputs 
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from the scalp, teeth, nasal mucosa, etc.  More precisely, the sensory trigeminal 

system is further separated into the ophthalmic, maxillary, and mandibular 

divisions.  Each of these divisions then receives sensory impulses from its own 

segregated region of the face and head.  In humans, the trigeminal nerve also 

transmits motor activity to muscles of the face and head to control motor 

functions for mastication, such as chewing and biting (Fox, 2006).  The trigeminal 

system is commonly used in studies to demonstrate the existence of a 

somatotopic organization for different animals such as mammals (Hassanali, 

1997), including humans and primates, birds (Noden, 1980), amphibians (Marini 

and Bortolami, 1982), fish (Kerem et al., 2005), hagfish (Nishizawa et al., 1988), 

and lampreys (Homma, 1978; Koyama et al., 1987).   

 The lamprey, a lower vertebrate, has served as a model system for 

studying various aspects of vertebrate neural function and organization, such as 

basic nerve cell biology, motor control, sensory processing, neural regeneration, 

neuropharmacology, and neuroanatomy.  More specifically, studies have 

investigated the organization of sensory and motor parts of the trigeminal system 

of lampreys.  In the lamprey, the trigeminal nerve (V) receives sensory inputs 

from and transmits motor outputs to the head, including the oral hood (anterior 

head) (Fig. 2A).  The trigeminal nerve has several branches (Fig. 2B) that 

transmit motor information to different muscles in the head (Homma, 1978), and 

receive somatosensory information (touch, pressure, and pain) from different 

parts of the head (Matthews and Wickelgren, 1978; Koyama et al., 1987).  Within 

the brain, the lamprey trigeminal system consists of two main parts.  First, MNs in 
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the trigeminal motor nucleus (nVm; Fig. 2C) project their axons into the ipsilateral 

trigeminal nerve.  Second, trigeminal sensory neurons, whose cell bodies are 

located in peripheral ganglia adjacent to the brain (Fig. 2B; Koyama et al., 1987), 

project their centrally-directed axons into the trigeminal nerve and into the 

ipsilateral trigeminal descending tract (dV; Fig. 2C).  Sensory axons in dV 

synapse with second-order sensory neurons in the nucleus of the descending 

tract that then project to other areas of the brain, including reticulospinal (RS) 

neurons (Viana Di Prisco et al., 2005).   

 For the trigeminal motor nucleus (nVm) in the lamprey, stimulation of MNs 

located laterally in the nucleus causes ventrolateral, large velum, and superficial 

buccal muscle of the head to contract, while stimulation of medially located MNs 

triggers contraction of the anterior buccal muscle of the head (Fig. 3A; Homma, 

1978).  Thus, lateral-medial parts of the nVm appear to be topologically or 

somatotopically “mapped” to (associated with) lateral-medial muscles of the head 

(Fig. 4).  For the trigeminal descending tract (dV) in the lamprey, application of 

horseradish peroxidase (HRP) to the five main nerve branches that make up the 

trigeminal system (ophthalmic, apical, basilar, suborbital, and mandibular nerves; 

note, mandibular nerve not shown in Fig. 2B) results in labeling of sensory axons 

in specific parts of dV (Fig. 3B; Koyama et al., 1987).  For example, the 

ophthalmic nerve, which transmits sensory information from medial parts of the 

anterior head, carries sensory axons that project to medial areas of dV.  The 

apical nerve, which transmits sensory inputs from more lateral parts of the 

anterior head, contains axons that travel in lateral parts of dV.  Thus, the 
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positions of axons in dV appear to be topologically or somatotopically “mapped” 

to (associated with) regions of the anterior head from which they receive sensory 

information (Fig. 4).   

 Lower vertebrates, including lamprey, fish, and certain amphibians, 

display robust axonal regeneration following neural injury in the CNS (McClellan, 

1998).  For example, following spinal cord injury, injured descending axons from 

brain neurons regenerate through the lesion site and reconnect with spinal 

targets so that locomotor behavior recovers in a few weeks.  In addition, 

trigeminal sensory and motor axons in the lamprey regenerate following a crush 

injury of the trigeminal nerve (Calton et al., 1998).  However, there still is some 

uncertainty regarding the degree to which a somatotopic/topological organization 

exists for the lamprey trigeminal system and if this organization is restored as a 

result of regeneration following injury trigeminal nerve injury.   

 The main purpose of the current project was to confirm the existence of a 

topological organization of the trigeminal system in larval sea lamprey 

(Petromyzon marinus), and to determine if following trigeminal nerve transection, 

sensory and motor axons regenerate and restore the topological organization of 

the trigeminal system.  For a number of reasons the lamprey serves as a good 

model for this study.  First, the lamprey is a lower vertebrate in which the nervous 

system is relatively simple but shares many of the basic features of the brain and 

spinal cord of higher vertebrates, including humans.  Second, the lamprey 

displays robust axonal regeneration after neural injury in the CNS.  Specifically, 

sensory and motor axons in the lamprey trigeminal system regenerate after a 
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trigeminal nerve crush, and trigeminal-evoked escape swimming recovers fully in 

7-12 weeks (Calton et al., 1998).  However, it is not known whether following 

trigeminal nerve transection, axons in the trigeminal nerve regenerate and 

restore the topological organization of the trigeminal system.  Once it has been 

established that the topological organization of the lamprey trigeminal system is 

restored following nerve injury, it will be possible to explore some of the axon 

guidance mechanisms that contribute to this organization.  A better 

understanding of these mechanisms in the lamprey may contribute to therapeutic 

interventions to improve axonal regeneration following neural injuries in higher 

vertebrates, including perhaps humans.   
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Figure 1.  Somatotopic-topological organization of the nervous system in higher 
vertebrates (Homo sapiens).  (A) Brain regions showing motor cortex (blue) and 
somatosensory cortex (green).  (B) Transverse sections through the brain 
showing somatotopic “mapping” of different parts of the body onto different areas 
of the (B1) motor cortex and (B2) somatosensory cortex.   
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A           MOTOR AND SOMATOSENSORY COTEX 
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Figure 2.  (A) Diagram of a dorsal view of a larval lamprey head with brain 
exposed showing the trigeminal nerves (cranial nerve V) and octavofacial nerve 
complex (VII-VIII).  (B) Side view of a larval lamprey brain showing the different 
branches of the trigeminal nerve and the root of the octavofacial nerve complex 
(modified from Koyama et al., 1987). (C) Dorsal view of a diagram of the larval 
lamprey brain showing the trigeminal motor nucleus (nVm) and trigeminal 
descending tracts (dV), as well as the octavofacial nerve complex.   
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Figure 3.  Evidence for a topological organization of the lamprey trigeminal 
system.  (A) Motoneurons in the trigeminal motor nucleus (nVm) in the floor of 
the fourth ventricle in the (A1) larval least brook lamprey and (A2) larval 
American brook lamprey.  Motoneurons located laterally in nVm (red circles) 
transmit motor outputs to the ventrolateral, large velum, and superficial buccal 
muscles of the head.  Motoneurons located medially (black squares) transmit 
motor outputs to the anterior buccal muscle of the head.  (B) Transverse sections 
through the rhombencephalon showing the descending trigeminal tract (dV) and 
trigeminal motor nucleus (nVm).  (B1) Locations of axons in the dV originating 
from the opthalmic nerve (green/medial) and apical nerve (purple/lateral), and 
(B2) locations of axons in dV from the suborbital nerve (red) and basilar nerve 
(blue) (see Fig. 2B).  Modified from (A1,A2) Homma 1978, and (B) Koyama et al., 
1987. 
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Figure 4.  Proposed topological organization of the lamprey trigeminal system.  
(top, sensory) Trigeminal sensory axons in the medial part of dV (green) receive 
inputs from anteromedial parts of the oral hood/head, while lateral axons (red) 
receive inputs from the anterolateral parts of the oral hood/head.  (bottom, motor) 
Trigeminal motoneurons located medially in the nVm (green) transmit motor 
outputs to anteromedial regions of the oral hood, while lateral motoneurons (red) 
project to anterolateral areas of the oral hood.   
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MATERIALS AND METHODS 
 

Animal Care 
 
 All experiments were conducted using larval sea lampreys (Petromyzon 

marinus; L = 80-120 mm) that were collected from streams either in Michigan or 

Maine.  Prior to experiments, animals were maintained in aquaria at room 

temperature (~23oC).  For all surgical procedures and prior to dissections to 

remove the brain, animals were anesthetized in tricaine methanosulphonate 

(~200 mg/l; MS222; Sigma, St. Louis, MO).  These studies have been approved 

by the Animal Use and Care Committee of the University of Missouri.   

Trigeminal Nerve Transection or Crush 

 A ~5 mm incision was made along the dorsal midline of the head posterior 

to the pineal gland.  The brain was exposed, and the right and left trigeminal 

nerves were visualized (Fig. 2A).  For most experiments, the trigeminal nerves 

were transected with iridectomy scissors, and the completeness of the nerve 

transection was verified by gently moving the brain to the side to expose the gap 

between the cut ends of the nerve.  In other experiments, the trigeminal nerves 

were crushed with fine forceps.  The incision was closed and sealed with 

cyanoacrylate (Super Glue Gel; Loctite Corp., Hartford, CT), and animals were 

returned to their home aquaria to recover, usually for 4, 8, 12, or 16 weeks.   

Initial Behavioral Screening following Trigeminal Nerve Lesion 

 Animals were tested for incomplete trigeminal nerve lesions 2-5 days post 

nerve injuries.  Normal animals (without nerve injury) and experimental animals 

(with trigeminal nerve injury) were transferred to a holding tank.  An electrical 
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stimulus (0-1 mA, 2 ms pulses at 100 Hz for 50 ms) was applied through a pair of 

copper wires, insulated except at the tips (0.64 mm diameter; electrode 

separation ~1.2 mm), to the left or right lateral sides of the oral hood (Fig. 2A).  

When applied to normal animals, this stimulus elicited a flexion response, usually 

directed away from the stimulus, followed by escape swimming (McClellan, 1984).  

In contrast, for animals with trigeminal nerve transections, this stimulus usually 

did not elicit an escape response, and those animals that elicited escape 

response were eliminated from the experiments.  Although some animals with 

trigeminal nerve crushes were tested initially, it became clear that the above 

behavioral test would only check the injury status of sensory axons in the 

trigeminal nerve and not the motor axons.  In addition, there was some 

uncertainty whether the nerve crushes were complete or partial.  Therefore, 

trigeminal nerve transections were adopted for the remainder of the studies. 

Behavioral Analysis 

 For each normal and experimental animal, the threshold current (~0.05-

0.3 mA; 2 ms pulses at 100 Hz for 50 ms) for eliciting swimming in response to 

tail stimulation was multiplied by 1.5 and applied to the lateral edges of the oral 

hood.  For normal animals, this value of current applied to the oral hood always 

elicited swimming (unpublished observation).  For experimental animals, the 

percentage of animals that responded to this 1.5X current applied to the oral 

hood was determined for recovery times of 2-5 days, and 4, 8, 12, and 16 weeks 

(Fig. 6).  The data were analyzed with a binomial test to determine confidence 

intervals and whether this value was significantly less (p  0.05) than 100%, the 
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response percent for control animals.  Also, the percent recovery values were 

compared for the various recovery times.   

Muscle Recordings 

 Animals were anesthetized, and pairs of fine copper wires (56 m dia.), 

insulated except at the tips, were inserted into right and left body musculature at 

20% body length (BL, normalized distance from the anterior tip of oral hood) and 

40% BL (Fig. 7A).  Animals were placed in a 22 cm x 40 cm plastic tank that 

contained 2-6 cm of aquarium water, and the recorded muscle burst activity 

(Model 1700; A-M Systems, Inc., Carlsborg, WA) was amplified (1000X), filtered 

(100 Hz-5 kHz), and stored on tape (Neurodata DR-890, Cygnus Technologies, 

Delaware Water Gap, PA; 11 kHz sampling rate per channel).  In addition, 

muscle burst activity was acquired using a custom data acquisition and analysis 

system.  Locomotor movements were videotaped simultaneously with recordings 

of muscle activity (EMGs), as previously described (McClellan, 1990; Davis et al., 

1993).  The maximum stimulation currents applied to the oral hood were 1.5X the 

threshold currents that elicited swimming when applied to the tail.  Following 

muscle recordings, the numbers of segments between ipsilateral muscle 

recording electrodes were counted in order to calculate intersegmental phase 

lags.  Using the data acquisition system, the onsets and offsets of muscle bursts 

were marked and used to calculate muscle burst activity parameters, as 

previously described (Davis et al., 1993; McClellan and Hagevik, 1997): T – cycle 

time; BP – burst proportion; ϕINT – intersegmental phase lags; and ϕRT-LT – right-

left phase values.   
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Fluorescent and HRP Tracer Application 

 For fluorescent labeling experiments, small (~2-3 mm), relatively shallow 

incisions were made in various regions of the oral hood and head (Fig. 8A,11A).  

Typically, a small piece of Gelfoam (~1 mm3; Upjohn, Kalamazoo, MI) soaked in 

a solution of either 6.25% Alexa 488 (10 kD; Molecular Probes, Invitrogen, 

Eugene, OR) in 0.1 M TRIS or 6.25% TRDA (10 kD, Molecular Probes, 

Invitrogen) in 0.1 M TRIS was applied to a given incision for 30 min.  For some 

control experiments (Fig. 9), Gelfoam soaked in an even mixture of the TRDA 

and Alexa tracer solutions was applied to a single incision site (Fig. 9A).  For 

horseradish peroxidase (HRP) experiments, a small piece of Gelfoam soaked in 

a solution of 40% HRP (Sigma) in 1% dimethylsulfoxide (DMSO, Sigma) was 

applied to small incisions in the oral hood and head.  Following tracer application, 

animals were returned to their home aquaria for 3-7 days to allow for transport of 

the tracers (Calton et al., 1998).  In some cases, the octavofacial nerve complex 

(VII-VIII; Fig. 2) was transected prior to application of tracers to the oral hood and 

head.   

Application of Crystals of Fluorescent Tracer to Cranial Nerves 

 Normal larval lampreys were anesthetized and pinned down, ventral side 

up.  The digestive system, body musculature, and gills were removed, exposing 

the ventral surface of the brain and spinal cord.  Both trigeminal nerves were 

transected with iridectomy scissor and a few Alexa 488 crystals were applied to 

the transected nerve roots for minutes (Fig. 10A).  Excess crystals were flushed 

away with Ringer’s solution, the transected roots were dabbed dry, new crystals 



 

 

18 

 

were applied, and the entire process was repeated for two more times. The same 

procedure was performed for application of TRDA crystals to the left and right 

transected octavofacial nerve complexes (Fig. 10A).  Extra caution was taken to 

not contaminate the transected V nerves with TRDA crystals or the VII-VIII 

nerves with Alexa.  The brains and spinal cords were then removed and pinned 

dorsal side up on a small, rectangular piece of Sylgard (Dow Corning; Midland, 

MI), and the whole mount tissue was maintained in Ringer’s solution at 6-9oC for 

48 hours.  Subsequently, the tissue was histologically processed similar to the 

experiments in which tracers were applied to the oral hood and head described 

above (see Histological Processing, Fluorescent tracers).   

Histological Processing 

 Fluorescent tracers.  Animals were anesthetized, pinned ventral side up, 

and the brains and spinal cords were removed, as previously described (Davis 

and McClellan, 1994).  The whole mount nervous system tissue was fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffered saline (PBS) for ~6-12 hours.  

Subsequently, the tissue was washed in 0.1 M PBS, dehydrated in an ethanol 

series, and cleared in methyl salicylate.  Whole mount brains were then mounted 

on slides using methyl salicylate as a mounting medium, as described previously 

(Zhang and McClellan, 1999). 

 HRP.  Animals were anesthetized, and brains and spinal cords were 

removed and processed using a modified version of the Hanker-Yates protocol, 

as previously described (Davis and McClellan, 1994).  Subsequently, the tissue 
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was dehydrated in an ethanol series, cleared in methyl salicylate and mounted 

on slides with Permount (Fisher, St. Louis, MO). 

Microscopy 

 Fluorescence.  Fluorescently labeled whole mount brains were viewed 

with a fluorescence microscope (Leitz Laborlux S) equipped with filters for TRDA 

(EXmax = 530 nm, EMmax = 590 nm; Omega Optics, Brattleboro, VT) and Alexa 

488 (EXmax = 480 nm, EMmax = 530 nm; Chroma Technology, Bellows Falls, 

VT).  Black-and-white images of different parts of the trigeminal system (dV and 

nVm) were captured with a cooled CCD camera (Retiga 1300, QImaging, 

Burnaby, B.C, Canada), false colored, and the separate TRDA and Alexa images 

were merged to compare the relative locations of labeling.  Because different 

neural structures of the trigeminal system were often in different focal planes in 

the whole mount tissue, multiple images with slightly different focal planes were 

taken of each brain region, and in focus parts of images were combined so that 

most of the labeled neural structures appeared in focus in the resultant images 

(Helicon Focus; http://www.heliconsoft.com/).  

 Analysis of nVm topography.  Merged fluorescent images of labeled 

trigeminal MNs in the nVm were analyzed for control animals, and experimental 

animals for 8 and 16 week recovery times.  The images (e.g. Fig. 13B3) were 

rotated so that the x-axis (horizontal) passed through the long axis of motor 

nuclei, and the x,y coordinates of TRDA- and Alexa-labeled trigeminal MNs were 

marked with custom image-digitizing software.  The y-values (medial-lateral axis) 

for TRDA- and Alexa-labeled MNs were compared with an unpaired t-test, 

http://www.heliconsoft.com/
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occasionally with the Welsh correct when appropriate.  Statistical significance 

was assumed for p  0.05.  In addition, the medial-lateral axis was divided into 5 

m bins, and distribution histograms of TRDA- and Alexa-labeled MNs were 

plotted (see Fig. 17).  

 HRP.  Whole mount brains labeled with HRP were viewed with a Leitz 

Laborlux S microscope, and black-and-white images of labeled parts of the 

trigeminal system in different brain locations were captured with a CCD camera.   

Intracellular Recordings 

 At 12-16 week recovery times following unilateral or bilateral trigeminal 

nerve transections, animals were anesthetized and in vitro brain-spinal cord 

preparations were set up (Fig. 18A), as previously described (Calton et al., 1998).  

Micropipettes filled with 5 M potassium acetate (60-80 M) were used to record 

from both identified RS Muller neurons (Rovainen, 1978) and small unidentified 

RS neurons in current clamp (Bridge) mode (Axoclamp 2A, Molecular Devices, 

Sunnyvale, CA).  Short depolarizing current pulses were applied to putative RS 

neurons to elicit 1:1 orthodromic responses recorded from the caudal end of the 

spinal cord ~5-10 mm below obex and confirm the recording was, indeed, from a 

RS neuron.  Stimulating electrodes, consisting of pairs of copper wires (0.41 mm 

dia., tip separation ~1.5 mm), insulated except at the tips, were placed in contact 

with the left and right lateral oral hood.  Low-frequency stimulus pulses (0.0-0.6 

mA, 1 ms pulses, <2 Hz) were applied to the right or left oral hood, and evoked 

synaptic responses in RS neurons were recorded and averaged (typically >10 

sweeps were averaged). 
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Results 

 
Behavioral Recovery following Trigeminal Nerve Transection 
 
 Following transection of the trigeminal nerves, the physical integrity of the 

nerves was restored as trigeminal sensory and motor neurons regenerated their 

axons.  Restoration of the trigeminal nerves was most evident in animals with 

longer recovery times.  For example, at 16 weeks after transection of a right 

trigeminal nerve, the integrity of this nerve was restored and appeared to be 

similar to that of a left, uninjured nerve (Fig. 5).   

 At different recovery times following bilateral transections of the trigeminal 

nerves, behavioral responses to oral hood stimulation were determined and 

analyzed.  For these studies, the oral hood was stimulated at 1.5X the threshold 

current for evoking escape swimming responses to tail stimulation.  In control 

animals, this current applied to the oral hood elicited escape swimming in 100% 

of the trials (unpublished observations).  Evoked movements that are 

characteristic of a normal swimming response include head movements away 

from the stimulus, followed by sequential swimming patterns that alternate from 

left to right (Boyd and McClellan, 2002).  In experimental animals that were 

recovering from bilateral trigeminal nerve transections, there was a gradual 

increase in the percentage of animals responding to oral hood stimulation with 

increasing recovery times (Fig. 6).  Minimal variability was observed in the 

swimming behavior of recovered animals. Although at all recovery times, the 

percent recovery was significantly less than controls (100%), the percent 
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recovery at 4-16 weeks was significantly greater than that at 2-5 day recovery 

times (p ≤ 0.05; binomial test).  

 Following bilateral transections of the trigeminal nerves, muscle 

recordings (Fig. 7A) also indicated an increase in behavioral responses to oral 

hood stimulation with increasing recovery times.  At 1 week recovery times (n = 

3), stimulation of the oral hood did not elicit escape swimming responses, while 

tail stimulation reliably elicited swimming (Fig. 7B).  In animals that had 

recovered for 16 weeks (n = 4), escape swimming responses were evoked by 

oral hood or tail stimulation (Fig. 7C).  At all recovery times at which at least 

some animals produced escape swimming responses (4, 8, 12, and 16 wks; n = 

3-4 for each recovery time), swimming muscle burst activity consisted of left-right 

alternation (channels: 12, 34) and rostrocaudal phase lags (23, 1 4).  In 

all cases, the parameters of locomotor muscle burst activity were similar to those 

in previous studies for larval sea lampreys (Davis et al., 1993; Boyd and 

McClellan, 2002).  These results give evidence to support the behavioral 

recovery of animals following Trigeminal nerve transection.  Control and 

anatomical double labeling experiments were conducted to test for the existence 

and restoration of the topological organization of the trigeminal system in injured 

animals. 

Bleed-through Control 

 “Bleed-through” is a potential technical problem for double-labeling 

experiments in which one fluorescent tracer is visible with the filter for the second 

tracer (Zhang and McClellan, 1998).  Obviously, bleed-through can seriously 
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compromise the results for double-labeling experiments.  Because substantial 

parts of the present study involved double-labeling with TRDA and Alexa 488, it 

was important to determine if the filters that were used in the current study 

resulted in bleed-through with these tracers.  For these experiments, in normal, 

unlesioned animals (n = 6), TRDA was applied to the right, lateral side of the 

head, while Alexa was applied to the left side.  The trigeminal system in lampreys 

is ipsilateral (Calton et al., 1998), with trigeminal sensory and motor neurons on 

one side projecting to parts of the oral hood and head on the same side.  Thus, in 

the present control experiment, TRDA labeled motoneurons (MNs) in the 

trigeminal motor nucleus (nVm) and sensory axons in the trigeminal descending 

tract (dV) on the right side of the brain (Fig. 8B; see Fig. 2C), while Alexa labeled 

these neural structures on the left side (Fig. 8D).  Importantly, TRDA-labeled 

neural structures were not visible with the filter for Alexa (Fig. 8C), and Alexa-

labeled neural structures were not visible with the filter for TRDA (Fig. 8E).  

Therefore, these data strongly suggest that bleed-through was not an issue in the 

present study.  

Fluorescent Tracer Efficiency Control 

 For double-labeling experiments to be effective the two tracers should 

have approximately comparable fluorescent intensity, otherwise one of the 

tracers could dominate in images and skew the results.  To test this possibility, 

equal concentrations of TRDA and Alexa were applied to the anteromedial oral 

hood (n = 6; Fig. 9A).  The different parts of the trigeminal system in the (Fig. 9B) 

rostral rhombencephalon (region of nVm), (C) middle rhombencephalon, (D) 
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caudal rhombencephalon near the obex, and (E) spinal cord showed similar 

labeling intensity for Alexa (left panels) and TRDA (right panels).  However, there 

was some evidence of brighter background labeling for the trigeminal 

components labeled with the Alexa tracer versus TRDA (e.g. compare Fig. 9D1 

and D2).  One possible explanation for this is the greater auto fluorescence of the 

tissue in the green parts of the emission spectrum compared to red wavelengths.  

For example, even if neither tracer is applied, there is some green 

autoflorescence when the tissue is viewed with the Alexa filter, but with the 

TRDA filter the background is nearly black. 

Labeling via the Trigeminal Nerve (V) versus the Octavofacial Nerve Complex 

(VII-VIII) 

 The main focus of the present study was the topological organization of 

the trigeminal system in normal and trigeminal nerve-injured animals.  Thus, it 

was necessary to select tracer application sites on the oral hood and head that 

only labeled neural structures in the brain via the trigeminal nerves (V) and not 

via other cranial nerves, such as the octavofacial nerve complex (VII-VIII) (Fig. 2).  

First, it was necessary to determine the labeling patterns via V and VII-VIII 

cranial nerves in normal animals.  For this purpose, in isolated brain-spinal cord 

preparations, crystals of Alexa were directly applied to the transected trigeminal 

nerves, while TRDA crystals were applied to the octavofacial nerve complex (n = 

2; Fig. 10A).  Alexa labeled trigeminal motoneurons (nVm) and the descending 

trigeminal tract (dV) in rostral (Fig. 10B1), middle (C1), and caudal (D1) regions 

of the rhombencephalon.  In contrast, TRDA labeled motoneurons in the facial 
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motor nucleus (nVIIm) (Fig. 10B2,C2) and octavius fibers in the lateral 

rhombencephalon (Fig. 10B2-D2).  When images of Alexa and TRDA labeling 

were merged, it was evident that octavius fibers projected slightly lateral and 

adjacent to fibers in the trigeminal descending tract (dV; Fig. 10B3-D3).  Thus, it 

was critical to determine the best tracer application sites on the oral hood and 

head that would result in labeling of the trigeminal system without confusion from 

potential labeling of octavius fibers via the VII-VIII nerve complex.  

 Second, the dorsal anteromedial oral hood is primarily innervated by 

sensory and motor axons from the trigeminal nerve, although some lateral line 

axons from this area project distinctly lateral to the dV (Calton et al., 1998).  

Therefore, Alexa 488 was applied to the anteromedial part of the oral hood (“1” in 

Fig. 11A), and this resulted in labeling of trigeminal motoneurons in nVm and 

sensory axons in the dV in lateral parts of the rhombencephalon (Fig. 11B1-E1).  

To determine the best application sites for TRDA, this tracer was applied to four 

different areas of the oral hood and head in different animals (Fig. 11A).  

Application of TRDA to the posteromedial head (n = 2; “B” in Fig. 11A) resulted in 

labeling of sensory axons that appeared to be clearly lateral to the dV (Fig. 11B3), 

but no trigeminal motoneurons were labeled (Fig. 11B2).  When TRDA was 

applied to the posterolateral head (n = 8; “C” in Fig. 10A), some trigeminal 

motoneurons in nVm were labeled (Fig. 11C2), but most of the labeled axons 

were clearly lateral to the dV (Fig. 11C3).  Application of TRDA to the lateral (n = 

3; “D”) or anterolateral (n = 7; “E”) parts of the oral hood appeared to mostly label 

neural structures in the trigeminal system (Fig. 11D,E).  In particular, application 
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of Alexa to anteromedial oral hood (“1” in Fig. 11A) labeled medial parts of the 

nVm and dV, while application of TRDA to the anterolateral oral hood (“E” in Fig. 

11A) labeled lateral parts of nVm and dV.  Thus, the trigeminal system clearly is 

topologically organized in normal lampreys.   

 Third, following transection of the right trigeminal nerves (V) and left 

octavofacial nerve complex (VII-VIII), Alexa was applied to the anteromedial oral 

hood and TRDA was applied to the anterolateral oral hood (n = 2; Fig. 12A).  On 

the left side of the brain, motoneurons in the nVm were labeled (Fig. 12B1), and 

sensory fibers in the rostral, middle, and caudal dV were labeled (Fig. 12B1-D1).  

Importantly, a topological organization was evident, similar to that shown in 

Figure 11E.  In contrast, on the right side of the brain, there appeared to be no 

labeling of nVm or dV, but there were a few presumably lateral line axons labeled 

in parts of the brain that probably were lateral to and separate from dV (not 

labeled).  Thus, tracer application to the oral hood in the anterior head mostly 

labeled neuronal structures in the trigeminal system.  In other experiments, HRP 

application to different lateral locations on the oral hood and head further 

confirmed that axons in the octavofacial nerve complex do not project to 

anteromedial or anterolateral regions of the oral hood (data not shown).   

Control Double-Labeling Experiments 

 In the above initial experiments aimed at selecting the best tracer 

application sites, the trigeminal system appeared to be topologically organized 

(Fig. 11E,12B1-D1).  Additional experiments with uninjured animals in which 

Alexa was applied to the anteromedial oral hood and TRDA was applied to the 
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anterolateral oral hood confirmed this result (n = 7; Fig. 13A).  Specifically, 

trigeminal MNs in the medial nVm projected primarily to anteromedial parts of the 

oral hood, while MNs in the lateral nVm projected primarily to the anterolateral 

oral hood (Fig. 13B).  In the rostral (Fig. 13B) and middle (Fig. 13C) 

rhombencephalon, trigeminal sensory fibers in the medial dV receive sensory 

inputs from the anteromedial oral hood, while fibers in the lateral dV receive 

inputs from anterolateral parts of the oral hood.  In the caudal rhombencephalon, 

near the obex, Alexa- and TRDA-labeled trigeminal sensory fibers began to 

overlap and had a less distinct separation (Fig. 13D).  In the rostral spinal cord, 

Alexa-labeled trigeminal sensory fibers were lateral in the dV, while TRDA-

labeled fibers were medial (Fig. 13E).  This apparent paradoxical medial-lateral 

switch in the positions of trigeminal sensory fibers projecting from the rostral (Fig. 

13B) to caudal (Fig. 13E) dV is due to the fact that in the whole mount tissue, 

lateral parts of the flattened rhombencephalon are continuous with dorsomedial 

parts of the tube-like spinal cord.   

Restoration of the Topological Organization of the Trigeminal System: 

 At various recovery times in animals with bilateral transections of the 

trigeminal nerves, Alexa was applied to the anteromedial oral hood and TRDA 

was applied to the anterolateral oral hood (Figs. 14A1,15A1,16A1).  In rostral 

parts of the trigeminal system (Fig. 14A2), there was a gradual increase in the 

labeling of trigeminal MNs with increasing recovery times from 4 (n = 4), 8 (n = 8), 

12 (n = 7), and 16 weeks (n = 10) (Fig. 14B-E; also see below).  In addition, there 

appeared to be a refinement of the topological organization in nVm, with some 



 

 

28 

 

mixing of Alexa- and TRDA-labeled MNs at early recovery times and greater 

medial-lateral separation at later recovery times (see below).  In contrast, in the 

rostral, middle, and caudal rhombencephalon (Figs. 14A2,15A2,16A2), there was 

relatively weak labeling of axons in the descending trigeminal tract (dV; Figs. 

14B-E,15B-E, 16B-E).  Nonetheless, there were some indications of a gradual 

restoration of the topological organization in the dV in the middle 

rhombencephalon (compare Fig. 15C3,D3 and 15E3).  In contrast, in the caudal 

rhombencephalon, the few Alexa- and TRDA-labeled trigeminal sensory fibers 

appeared to overlap, similar to that in normal animals (Fig. 13D3).  In the spinal 

cord, there were some indications of a restored topological organization in dV at 

16 week recovery times, similar to that in normal animals (Fig. 13E3), but little or 

no restoration of this organization at earlier recovery times (data not shown).   

Restoration of the Topological Organization of Trigeminal Motoneurons 

 To further analyze the topological organization in nVm, distribution 

histograms were determined for the positions of Alexa- and TRDA-labeled 

trigeminal MNs along the medial-lateral axis (see Methods and Fig. 17).  In 

normal animals (n = 4 animals), all 8 motor nuclei showed a significant 

separation of the distributions of Alexa- and TRDA-labeled MNs (p ≤ 0.01, 

unpaired t-test) (Fig. 17A).  In contrast, at 8 week recovery times (n = 6 animals), 

only 4 of the 12 motor nuclei showed a significant separation of the two pools of 

labeled MNs (p ≤ 0.05).  However, at 16 week recovery times (n = 10 animals), 

14 of the 20 motor nuclei showed a significant separation of Alexa- and TRDA-

labeled trigeminal MNs (p ≤ 0.05) (Fig. 17B).  Thus, these results suggest that 
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following trigeminal nerve transection, the topological organization in nVm is 

refined and becomes more distinct with increasing recovery times.   

Evoked Response in Reticulospinal (RS) Neurons from Oral Hood Stimulation 

 In larval sea lampreys, the trigeminal system is ipsilateral, with trigeminal 

sensory and motor neurons on one side of the brain projecting to parts of the oral 

hood/head on the same side.  In normal animals and in lampreys that have 

recovered from trigeminal nerve crushes, stimulation of the lateral oral hood 

elicits synaptic responses in reticulospinal (RS) neurons (Calton et al., 1998).  In 

addition, RS neurons display synaptic response from contralateral or ipsilateral 

stimulation of the trigeminal nerve (Viana Di Prisco et al. 2005).  These 

responses are mediated by a disynaptic pathway via second-order sensory 

neurons in the nucleus of the descending tract (Viana Di Prisco et al. 2005).  

However, restoration of this pathway has not been examined in animals with 

trigeminal nerve transections.  In the present study, at 12-16 week recovery 

times, stimulation of the left, lateral oral hood (Fig. 18A) elicited robust synaptic 

responses in ipsilateral RS neurons (Fig. 18B1), while stimulation on the right 

side evoked response in left RS neurons (Fig. 18B2) (n = 6 animals; 24 RS 

neurons).   
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Figure 5.  Ventral view of a brain from an animal in which the right trigeminal root 
was transected, and the animal recovered for 16 weeks.  Arrows indicate intact, 
uninjured trigeminal root exiting from the left side of brain and restored trigeminal 
nerve root on the left side. 
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Figure 6.  Histogram showing the percentage of animals that responded to oral 
hood stimulation at various recovery times following transection of both trigeminal 
nerve roots.  The oral hood was stimulated with 1.5X the threshold current for 
eliciting escape swimming responses to tail stimulation (0.05-0.3 mA, 2 ms 
pulses at 100 Hz for 50 ms).  The data were analyzed with a binomial test to 

determine confidence intervals and whether this value was significantly less (p  
0.05) than 100%, the response percentage for unlesioned, control animals.  Also, 
the percent recovery values were compared for the various recovery times.  At all 
recovery times, animals responded significantly less than control animals, but the 
responses at 4, 8, 12, and 16 wks were significantly greater than at 2-5 day 
recovery times (*, p < 0.05). 
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Figure 7.  Muscle activity in response to oral hood stimulation following 
transection of both trigeminal nerve roots.  The oral hood was stimulated with 
1.5X the threshold current for eliciting escape swimming responses to tail 
stimulation.  (A) Animal with muscle recording electrodes at 20% (1,2) and 40% 
(3,4) BL.  (B) Recovery time of 1 wk.  Stimulation of the oral hood did not elicit 
swimming, while tail stimulation elicited escape swimming muscle burst activity, 

consisting of left right alternation (12, 34) and a rostrocaudal phase lags 

(14, 23).  (C) Recovery time of 16 wks.  Stimulation of either the oral hood or 
tail elicited swimming muscle burst activity.   
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Figure 8.  Bleed-through control experiment.  (A) Diagram of the head showing 
the anterolateral application sites for Alexa (green bar, left side) and TRDA (red 
bar, right side).  (B,C) Right side of brain showing (B1) nVm and rostral dV and 
(B2) middle dV viewed with the TRDA filter, and (C) same brain areas viewed 
with the Alexa filter.  (D,E) Left side of brain showing (D1) nVm and rostral dV 
and (D2) middle dV viewed with the Alexa filter, and (E) same brain areas viewed 
with the TRDA filter.  
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Figure 9.  Fluorescent tracer efficiency control experiment.  (A) Dorsal view of 
larval lamprey head showing anteromedial application site for both Alexa and 
TRDA (orange bar).  (B-E) Images of the same brain regions viewed with the 
Alexa filter (left panels) and the TRDA filer (right panels).  Trigeminal system (see 
Figs. 1A and 4): (B) nVm and rostral dV; (C) dV in middle rhombencephalon; (D) 
dV in caudal rhombencephalon (near obex); and (E) dV in the spinal cord.   
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Figure 10.  Direct application of tracer crystals to the trigeminal and octavofacial 
nerve roots.  (A) Diagram of the dorsal view of a lamprey brain illustrating 
application of Alexa crystals (green dots) to the trigeminal nerve roots and TRDA 
crystals (red dots) to the octavofacial nerve complex.   (B-D) Images of left side 
of brain showing the (B1) nVm and rostral dV, (C1) dV in middle 
rhombencephalon, and (D1) dV near the obex.  TRDA labeled some 
motoneurons in the facial motor nucleus (nVIIm, out of focus) and some octavius 
fibers (*).  Views using the Alexa filter (left panels), TRDA filter (middle panels), 
and merged images (right panels). 
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Figure 11.  Control experiment to test different tracer application sites.  (A) 
Diagram of the head showing Alexa application site (1, green bar) in the 
anteromedial region of the oral hood, and TRDA application sites (red bars) in 
the posteromedial (B), posterolateral (C), lateral (D), and anterolateral (E) parts 
of the oral hood/head.  (B-E) Trigeminal motoneurons (nVm) and descending 
trigeminal tract (dV) on the left side of the brain, viewed with the Alexa filter (left 
panels), TRDA filter (middle panels), and merged images (right panels).  Some of 
the TRDA application sites labeled axons in the lateral rhombencephalon (*) that 
may have been lateral line or octavius fibers.  Each row of images resulted from 
Alexa application to the anteromedial oral hood (“1” in A) and TRDA applied to 
different areas of the head (“B”, “C”, “D”, “E” in A).   
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Figure 12.  Control experiment to test the labeling patterns via the trigeminal 
nerve root and octavofacial nerve complex (see Fig. 2).  (A) Dorsal view of the 
head.  The left octavofacial nerve complex (VII-VIII) was transected, and the right 
trigeminal nerve root (V) was transected.  Anteromedial application site on the 
oral hood for Alexa (green bar) and anterolateral application site for TRDA (red 
bar).  (B1-D1) Left side of the brain showing (B) nVm and rostral dV, (C) dV in 
middle rhombencephalon, and (D) dV in caudal rhombencephalon, near the obex.  
(B2-D2) Right side of the brain showing a few lateral line axons (*) that were 
lateral to the dV (not labeled) in the same brain regions as B1-D1. 
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Figure 13.  Double-label control experiment.  (A) Dorsal view of head showing 
the anteromedial Alexa application site (green) and anterolateral TRDA 
application site (red).  (B-D) Left side of brain.  (B-E) Images of the (B) nVm and 
rostral dV, (C) dV in middle rhombencephalon, (D) dV near the obex, and (E) dV 
caudal to the obex.  Each row of images represents the same brain region 
viewed with the Alexa filter (left panels), TRDA filter (middle panels), and merged 
images (right panels).  L = lateral, M = medial. 
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Figure 14.  Labeling in right dV and nVm in the rostral rhombencephalon at 
different recovery times.  (A1) Dorsal view of the head showing Alexa (green, 
anteromedial) and TRDA (red, anterolateral) application sites.  (A2) Diagram of 
brain showing nVm, dV, and general brain region shown in B-E (dashed box).  
(B-E) Merged images of labeling at recovery times of (B) 4 wks, (C) 8 wks, (D) 12 
wks, and (E) 16 wks.   
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Figure 15.  Labeling in right dV in the middle rhombencephalon at different 
recovery times.  (A1) Dorsal view of the head showing Alexa (green, 
anteromedial) and TRDA (red, anterolateral) application sites.  (A2) Diagram of 
brain showing nVm, dV, and general brain region shown in B-E (dashed box).  
Images of labeling at recovery times of (B) 4 wks, (C) 8 wks, (D) 12 wks, and (E) 
16 wks viewed with the Alexa filter (left panels), TRDA filter (middle panels), and 
merged images (right panels).   
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Figure 16.  Labeling in the left dV in the caudal rhombencephalon, near the obex, 
at different recovery times.  (A1) Dorsal view of the head showing Alexa (green, 
anteromedial) and TRDA (red, anterolateral) application sites.  (A2) Diagram of 
brain showing nVm, dV, and general brain region shown in B-E (dashed box).  
Images of labeling at recovery times of (B) 4 wks, (C) 8 wks, (D) 12 wks, and (E) 
16 wks viewed with the Alexa filter (left panels), TRDA filter (middle panels), and 
merged images (right panels).    
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Figure 17.  Distribution histograms from single animals (see Methods) of Alexa-
labeled (green bars) and TRDA-labeled (red bars) trigeminal motoneurons in the 
right nVm of (A) control animals (tracers applied as in Fig. 13A) and (B) 
experimental animals (tracers applied as in Figs. 14A1,15A1,16A1) that 
recovered for 16 wks following transection of both trigeminal nerve roots.  The x-
axes were divided into 5 µm bins along the lateral-medial axis, in which zero (0) 
was a reference point that corresponds approximately to the center of the nVm 
(see Methods).  Bars represent the number of trigeminal motoneurons in each 
bin along the lateral-medial axis.  The positions of Alexa-labeled MNs were 
significantly different than those of TRDA-labeled MNs (see Methods). 
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Figure 18.  Synaptic responses in reticulospinal (RS) neurons evoked by oral 
hood stimulation.  (A) In vitro brain-spinal cord preparation showing the 
intracellular micropipette (IC) used to record from RS neurons in the brain, 
suction electrode to record orthodromic responses from the caudal end of the 
spinal cord (SC), and stimulating electrodes (SRT, SLT) used to stimulate the left 
or right oral hood.  (B) Synaptic responses in (B1) left B1 Müller cell and (B2) 
right B1 Müller cell elicited by stimulation of the ipsilateral oral hood (B1 = 0.6 mA, 
B2 = 0.8 mA; see text).   
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Discussion 
 

 In the current study, double labeling was used to demonstrate that both 

the motor (nVm) and sensory (dV) components of the trigeminal system are 

topologically organized in larval lamprey.  These data indicate that lateral 

descending tracts receive sensory information from the anterolateral area of the 

oral hood, while lateral motoneurons send motor outputs to the anterolateral 

musculature of the head.  Similarly, medial descending tracts receive sensory 

information from the anteromedial location of the oral hood, while motoneurons 

located medially send outputs to the anteromedial muscle of the oral hood (Fig. 

4).  Furthermore, following bilateral trigeminal nerve transections and recovery 

time, several aspects of the trigeminal system were restored: (a) the integrity of 

the trigeminal nerves were restored with increasing recovery times; (b) trigeminal 

sensory and motor axons regenerated; (c) animals recovered trigeminal-evoked 

escape responses; (d) trigeminal-evoked synaptic responses were restored in 

RS neurons; and (e) the topological organization of the trigeminal system was 

restored.   

 In lower vertebrates, such as lamprey, fish, and certain amphibians, 

previous studies have shown robust axonal regeneration and behavioral 

locomotor recovery following neural injuries in the CNS, such as in spinal cord 

injuries (SCIs).  For example, in spinal cord-transected lampreys, injured 

descending axons of RS neurons regenerate and there is virtually complete 

recovery of locomotor functions within a few weeks (McClellan, 1998).  Axonal 

regeneration also occurs in spinal cord-injured amphibians, such as frogs 
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(anurans), but is dependent on the developmental stage.  Specifically, axonal 

regeneration occurs in the larval tadpole stage but not after metamorphosis 

(Beattie, et, al., 1990; Forehand et. al., 1982).  There are many possible 

explanations for why lower vertebrates, including lamprey, have the ability for 

functional axonal regeneration after SCI:  absence of myelin (lamprey) and 

myelin associated inhibitory proteins that are present in higher vertebrates; lack 

of a dense glial scar that in higher vertebrates is a physical and chemical barrier 

for axonal regeneration; and secondary injury effects after SCI that are minimal 

or non-existent (reviewed in McClellan, 2012).  In contrast to the robust neural 

regeneration in the CNS of lower vertebrate, there is very limited axonal 

regeneration and minimal behavioral recovery in higher vertebrate following CNS 

injuries.  This is due to a restrictive CNS environment for axonal regeneration in 

higher vertebrates, including myelin associated proteins (i.e. OMgp, MAG, 

NOGO) and chondroitin sulphate proteoglycans (CSPGs) in the glial scar that 

inhibit neurite outgrowth after neural injury (reviewed in McClellan, 2012).  In 

contrast, following nerve injuries in the peripheral nervous system (PNS) of 

higher vertebrates, motoneuron axons regenerate but do not always reinnervate 

the appropriate targets to restore behavioral functions.  

 Following trigeminal nerve crush in larval lampreys, trigeminal sensory 

and motor axons regenerate and trigeminal-evoked escape locomotor responses 

recover (Calton et al., 1998).  However, it was not known if axonal regeneration 

would be successful after a complete trigeminal nerve transection and whether 

the topological organization of the trigeminal system would be restored.  In the 
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present study it was shown not only that trigeminal sensory and motor axons 

regenerate, the topological organization of the trigeminal system is restored, 

particularly for motoneurons (nVm, Fig. 14) but also to some extent for the 

descending trigeminal tract (dV, Fig. 15).  The topological organization of the two 

major divisions of the trigeminal system were restored following trigeminal nerve 

transection at longer recovery time (12-16 weeks), and particularly the nVm (Fig. 

14,17) showed a similar organization compared to that in control animals (Fig. 

13).   

 The present results supporting a topological organization in the larval sea 

lamprey trigeminal system are consistent with previous studies of HRP labeled 

sensory (dV) and motor (nVm) components of the trigeminal nerve of adult 

Lampetra japonica (Koyama et al., 1987) and the electrophysiology study on the 

organization of the trigeminal motor nuclei of lampreys before and after 

metamorphosis (Homma, 1978).  First, sensory axons in the ophthalmic nerve 

branch of the trigeminal nerve project to the more medial part of dV, while 

sensory axons in the apical branch of the trigeminal nerve project to the lateral 

boundary within dV (Koyama et al., 1987).  The ophthalmic ganglion (GV1) 

receives sensory inputs via the nerve from the anteromedial oral hood.  The 

maxillomandibular ganglion (GV 2,3) receives sensory inputs via the apical, 

basilar, and suborbital nerves from anterolateral parts of the oral hood and lateral 

parts of the head (Barreiro-Iglesias et al., 2008; reviewed in Richardson et. al., 

2010).  Second, as for the motor division of the trigeminal nerve, 

electrophysiology studies have mapped the organization of trigeminal motor 
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nuclei in larval least brook and American brook lampreys.  The results show that 

trigeminal motoneurons located laterally in nVm send motor outputs to the 

ventrolateral, large velum, and superficial buccal muscles of the head (located on 

the lateral side of the oral hood and the head).  Trigemeinal motoneurons located 

medially in nVm transmit motor outputs to the anterior buccal muscles of the 

head (Homma, 1978).  These data from previous studies further support the 

findings of the present research regarding the topological organization of the 

trigeminal system in normal lampreys as well as the restoration of this 

organization at longer recovery times following trigeminal nerve transection.  

 Topological organization in the nervous system is a conserved plan 

among many different vertebrates and not just exclusively in the lamprey.  For 

example, trigeminal ganglia in cats are topologically organized with sensory 

neurons projecting to the upper eyelid, mucosa of the upper gingiva, and tongue 

sending axons into the ophthalmic, maxillary, and mandibular nerves, 

respectively (Oyagi et al., 1989).  In addition, sensory neurons in the trigeminal 

ganglia projecting to the ophthalmic, maxillary, and mandibular nerves are 

located in the anteromedial, middle, and posterolateral regions of the ganglia, 

respectively (Oyagi et al., 1989).  Trigeminal primary afferent projections of 

sensory ganglia in rats also are topologically organized (Florence et al., 1995).  A 

topological organization of the trigeminal nervous system is also present in other 

vertebrates, such as in primates (Kerr et al., 1968; Hassanali 1997), birds (Noden 

1980; Den Boer et al., 1986), and amphibians (Marini and Bortolami 1982).   
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 Restoration of the topological organization in certain parts of the nervous 

system following neural injury occurs in lower vertebrates, including lamprey, fish, 

certain amphibians and reptiles.  In contrast, little or no restoration of topological 

organization was found in higher vertebrates (mammals).  For example, in 

mammals (rat) following sciatic nerve injury, axonal regeneration occurs in the 

nerve but with no topographical specificity (Iwabuchi et al., 1999).  However, in 

the lizard following an incomplete optic nerve injury, retinotectal topography is 

restored (Stirling et al., 1999).  In contrast, following a complete optic nerve injury, 

retinotectal topography is not restored unless visual tasks are performed, as 

indicated from electrophysiological and axonal tracing data (Dunlop et al., 2007).  

Similarly, following optic nerve injury in frog and fish, the accuracy of retinotectal 

topography initially is low but improves over time (reviewed in Udin and Fawcett, 

1988).  Also, in the current study following trigeminal nerve transection in larval 

lamprey, the topological organization of the trigeminal nervous system, 

particularly for nVm, appeared to be restored gradually (Figs. 14,17).  These data 

indicate the significant role of topological/somatotopic organization in the nervous 

systems of different animals, thus highlighting the importance of restoring this 

organization following neural injuries to provide functional behavioral recovery. 

 Neuroscientists have long debated over two possible hypotheses of how 

developing or regenerating axons find their proper targets (Lodish et al., 2007).  

The “resonance hypothesis” suggests that neurons extend their axons to many 

different pathways following mechanical forces, and those that synapse with the 

proper target will be preserved while others are removed.  The “specific 
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pathways hypothesis” proposes that developing or regenerating axons choose 

their pathways due to existing guidance cues, which direct extending axons to 

the proper targets.  The “specific pathways hypothesis” was later confirmed by 

Roger Sperry with his proposed “chemoaffinity hypothesis” based on 

experiments with the retinotectal topological organization in frogs in the 1960s.   

 In the present study, the topological organization of the trigeminal nervous 

system was restored following trigeminal nerve injury, suggesting that there must 

be guidance cues which direct regenerating axons to their proper target sites.  

Previous studies have shown that following spinal cord transection in lampreys, 

UNC-5 message is down regulated in RS neurons during the first two weeks and 

up regulated during the period when many axons begin to regenerate (Shifman 

and Selzer, 2000).  The expression of UNC-5 occurs mainly in poorly 

regenerated axons of lamprey RS neurons.  From these results it was suggest 

that the expression of the Netrin receptor UNC-5 and signaling from Netrin has a 

channeling or limiting effect on axonal regeneration of certain neurons (Shifman 

and Selzer, 2000).  Moreover, other lamprey studies have shown that the 

repulsive guidance molecule (RGM) and its receptor neogenin are detected in 

poor regenerated RS neurons after 2-4 week recovery times following spinal cord 

transection (Shifman et al., 2009).  It was suggested that down regulating RGM 

expression in RS neurons near the transection site may increase the number of 

regenerating axons.  In addition, EphA/ephrin-A involvement and interaction 

during optic nerve regeneration in goldfish contribute to the restoration of the 

retinotectal topological organization (Rodger et al., 2004).  Based on these 
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studies, it further supports the important role of molecular cues in axonal 

guidance during axonal regeneration and restoration of topographic organization 

following nerve injuries.   

 Regarding the present study, in the future it will be important to identify the 

possible guidance cues that are responsible for directing the regenerating 

trigeminal axons to the proper location, resulting in restoration of the topological 

organization.  A gradient dependent in vitro preparation chamber, similar to that 

previously described (Dudanova, et al., 2010), could be used to study the 

chemoaffinity of different molecular guidance cues, such as ephrins, netrins, 

semaphorins, etc.  Specifically, in vitro cell culture of trigeminal sensory neurons 

or motoneurons could be grown and placed in the middle of a Dunn’s chamber 

while high concentration of the selected guidance cues are placed in the outside 

perimeter of the chamber.  Thus, the medium within the chamber could provide a 

natural gradient of the applied guidance cues.  This setup will allow the study of 

the attraction or repulsion effects of these molecules and a determination of 

appropriate concentration levels that act upon the growing cells.  Another 

possible setup would be the “stripe assay”, used to test cell migration and axonal 

guidance.  Silicon matrices provide the proper setup for the stripe of purified 

guidance cues molecules or segmented membrane pieces (Knoll et al., 2007).  

Next, trigeminal motoneurons or dorsal root ganglion cells will be grown on top of 

the setup.  Time lapse video could then be used to study the cellular migration 

activities with the interaction of guidance cues present in the environment. 
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Summary and Significance 
 
 The current research confirmed the presence of a topological organization 

of the trigeminal system in the lamprey.  Also, following trigeminal nerve 

transection, trigeminal motor and sensory axons regenerated, trigeminal-evoked 

escape swimming recovered, and there was restoration of the topological 

organization of the trigeminal system, particular the motor division.  These finding 

suggest the involvement of guidance cues in the environment that enable 

regenerating axons to grow to the proper location, and ultimately to restore 

functional behavioral functions.  Identification of these molecular guidance cues 

may provide insights into methods to improve and direct axonal regeneration 

following neural injury in higher vertebrate, including perhaps human. 
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