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Single-unit recording and retrograde tracing techniques were 
used to assess the receptive field properties, topography, 
and projections of rat trigeminal primary afferent neurons 
subsequent to transection of the infraorbital (IO) nerve in 
adulthood. Four hundred and fifty-eight units were recorded 
in the trigeminal ganglion ipsilateral to nerve section. Of 
these, 66.6% had IO receptive fields. Thirty percent re- 
sponded to innocuous stimulation of vibrissae, 39.1% to 
guard hair deflection, 6.2% to gentle indentation or stretch 
of the skin, and 22.3% to noxious stimuli (compared to 77.2% 
vibrissa, 12.0% guard hair, 4.5% skin, and 6.3% noxious in 
normal animals). An additional 15 units were driven by a 
stimulating electrode placed on the IO nerve proximal to the 
site of the lesion but had no receptive field. Of the cells with 
vibrissa receptive fields, 33.3% were slowly adapting type 
I (SAI), 6.6% were slowly adapting type II (SAII), 32.2% were 
low velocity rapidly adapting (RA-LV), 20.0% were high ve- 
locity rapidly adapting (RA-HV), and 7.7% were nociceptive 
(NX, in normal animals 43.8% were SAI, 10.3% SAII, 27.6% 
RA-LV, 16.8% RA-HV, and 1.5% NX). A number of cells had 
receptive field properties not seen in normal animals. The 
single-unit recordings indicated that the topography of man- 
dibular and ophthalmic representations in the ganglion were 
essentially normal, while the organization of the maxillary 
region of the ganglion was slightly abnormal. 

The ganglion physiology experiments were augmented by 
records from primary afferents in the trigeminal spinal tract 
(TrV). Eighty-one (72.2%) of the 112 fibers recorded in the 
TrV of normal rats had IO receptive fields. Of these, 73.2% 
responded to innocuous vibrissal stimulation, 14.6% to guard 
hair deflection, 8.5% to gentle indentation of the skin, and 
2.5% to noxious stimuli. Of the 61 vibrissa units, 37.8% were 
SAI, 19.7% SAII, 37.8% RA-LV, 3.3% RA-HV, and 1.6% NX. 
In adult-lesionedanimals, 81 (61.3%) of the recorded fibers 
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had IO receptive fields. Of this number, 38.2% responded 
to vibrissae, 29.6% to guard hairs, 16.0% to skm, and 19.7% 
to noxious simuli. Of the vibrissa-sensitive units, 16.1% were 
SAI, 3.2% were SAII, 45.2% were RA-LV, 35.5% were RA- 
HV, and 3.2% NX. As in the ganglion recording studies, a 
number of abnormal receptive fields were documented. The 
ganglion and TrV recording studies indicate that transection 
of the IO nerve in the adult rat results in an increase in the 
relative number of nociceptive, guard hair, and high-velocity- 
rapidly adapting units as well as units with absent or unusual 
receptive fields. 

Altered maxillary intradivisional topography was further 
examined in 6 rats that received injections of different flu- 
orescent tracers or HRP in the Al, A4, El, and E4 vibrissae. 
These morphological studies indicated that the mediolateral 
topography of cells innervating the mystacial pad vibrissae 
was not maintained in the adult-lesioned animals. 

Numerous studies have documented the unpleasant sensations 
and faulty sensory localization reported by patients recovering 
from peripheral nerve transections (Hawkins, 1948; McQuillan 
et al., 1971; Hallin et al., 1981; Orgel, 1982; Mackel et al., 1983, 
1985). Surprisingly, most single-fiber recordings from regener- 
ating peripheral nerves have indicated that the majority of cu- 
taneous primary afferents have virtually normal receptive field 
properties. Mackel et al. (1983, 1985), using percutaneous mi- 
croneurography to record single-unit activity in human subjects 
recovering from median or ulnar nerve transection, found that 
the response thresholds, discharge characteristics, and receptive 
field properties of most of the axons tested were normal (though 
the authors failed to identify reinnervated Pacinian corpuscle 
units in either study). Similarly, Hallin et al. (198 1) have shown 
that regenerating myelinated cutaneous afferents exhibited dis- 
charge properties consistent with those recorded in normal sub- 
jects, though the conduction velocities were abnormally slow. 
Comparable results have been obtained in an investigation of 
baboon glabrous skin reinnervation, with the authors postulat- 
ing that the regenerating axon possesses a submodality deter- 
mining factor which causes the axon to supply the same type 
of receptor originally innervated (Terzis and Dykes, 1980). As 
discussed previously (see Renehan and Munger, 1986) a num- 
ber of factors may account for the discrepancy between clinical 
observations and single-unit recordings. (1) Most single-unit 
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studies performed to date have only examined the response of 
glubrous skin afferents to nerve transection. The response of 
hairy skin units to dcncrvation may differ from that seen in 
glabrous skin. In one of the few electrophysiological investiga- 
tions of post-transection reinnervation of hairy skin, Burgess 
and Horch (1973) documented a number of units with abnormal 
receptive fields as well as significantly decreased or increased 
numbers of some receptor types and axons with no receptive 
fields. (2) Some single-unit physiology studies of the conse- 
quences of nerve lesions have utilized innocuous stimuli only. 
For example, Mackel et al. (1983, 1985), Horch (1979), and 
Terzis and Dykes (I 980) employed noxious stimuli but did not 
include this category in their results), thus missing a possible 
increase in the number of nociceptive units. (3) It may not be 
necessary for a large number of units to be abnormal to cause 
a patient significant discomfort. (4) Regardless of the accuracy 
of primary afferent regeneration, permanent postsynaptic alter- 
ations may interfere with stimulus perception. 

We have previously provided evidence that neonatal infraor- 
bital nerve transection results in abnormal primary afferent re- 
ceptive fields, altered peripheral and central projections, and 
unusual ganglion topography (Jacquin and Rhoades, 1983,198s; 
Jacquin et al., 1986~; Klein et al., 1987; Rhoades et al., 1987). 
In the adult rat, this injury has been shown to cause markedly 
abnormal mystacial vibrissa innervation (Renehan and Munger, 
1986), significant trigeminal ganglion cell death (Arvidsson and 
Aldskogius, 1977; Aldskogius and Arvidsson, 1978), and trans- 
ganglionic degeneration (Grant and Arvidsson, 1975; Arvids- 
son, 1979). The purpose of the present study is to use the rat 
trigeminal system as a highly ordered hairy skin model to ex- 
amine the effects of adult nerve transection on the receptive 
field properties, topography, and peripheral projections of pri- 
mary afferent neurons. 

Materials and Methods 
Ganglion recording experiments 

and receptive field of each well-isolated cell were recorded, and the track 
terminated when the electrode hit the petrous bone underlying the gan- 
glion. 

Tungsten electrodes arc advantageous for obtaining a large sample of 
cells, but arc unsuitable for accurately determining antidromic activa- 
tion and conduction velocity due to large shock artifact. For this in- 
formation, and to guard against sample bias toward large cells which 
may bc introduced by using tungsten electrodes, we also used glass 
micropipcttcs in a second series of ganglion recording experiments. 

Expcrimcnts with glass micropipettes. The dura covering the trigem- 
inal ganglion was carefully incised and reflected and the ganglion kept 
moist in warm mineral oil. Concentric bipolar stimulating electrodes 
were placed on the left IO nerve in the orbit (proximal to the site of the 
lesion) and in the spinal trigcminal nucleus and tract at the level of the 
obex. Search stimuli consisted of 3&40 V monophasic rectangular pulses 
isolated from ground and delivered at a rate of 1 Hz. 

Glass microclcctrodes (Sutter, 1.0 mm inside diameter) were filled 
with 3.0 M KCI (resistance, 20-30 MQ) and advanced through the gan- 
glion in 2.5 pm steps. An agar solution was applied over the ganglion 
to reduce circulation and respiration-induced movement. As noted in 
the previous section, receptive fields were mapped and classified ac- 
cording to the methods of Jacquin et al. (1986a, b), using the criteria 
of Gottschaldt et al. (1973) for vibrissa afferents and Burgess and Per1 
(1973) and Brown and Iggo (1967) for nonvibrissa units. The data 
obtained in ganglion cell recording experiments were compared with 
that previously reported by Jacquin et al. (1986~). 

Brain-stem recording experiments 
In addition to recording from trigeminal primary afferent neurons at 
the level of the trigeminal ganglion, we also recorded from the central 
projections of these cells in the trigeminal spinal tract. Nineteen adult 
rats sustained transection of the left IO nerve as described above. At 
least 60 d after the lesion the animals were anesthetized with sodium 
pentobarbital (60 mg/kg, i.p.), administered atropine sulfate (l-2 mg, 
i.p.), placed on a respirator, and paralyzed with gallamine triethiodide 
(35 mg/kg, i.p.). The caudal medulla was exposed by retracting the dura 
over the cerebellomedullary cistern and removing a portion of the oc- 
cipital bone. The pia-arachnoid was carefully removed and warm min- 
eral oil was applied to the brain stem. Concentric bipolar stimulating 
electrodes were placed on the ophthalmic-maxillary portion of the tri- 
geminal ganglion (1 .O mm caudal to bregma, 2.3 mm lateral to midline, 
9.0-9.5 mm ventral to the surface of the cortex). Beveled glass micro- 
uipettes (Microstar: resistance. 50-120 Ma) were lowered into the tri- 
geminal spinal tract and the surface of the medulla covered with 3.0% 
agar to minimize movement. Search stimuli were delivered and units 
recorded, displayed, and characterized as described above. 

The data obtained in the brain-stem recording studies of lesioned 
adult rats was compared with data acquired in identical recording ex- 
periments in 6 normal adult rats. 

Soma size determination 
To determine the effect of IO nerve transection on the size of the cells 
giving rise to this nerve, somata were labeled by retrograde transport 
of HRP. Three normal and 4 adult-lesioned rats were anesthetized with 
ketamine and chlorprothixene, and placed in a stereotaxic headholder; 
IO nerves were exposed using an intraorbital approach (Jacquin and 
Zeigler, 1983). The orbital contents were retracted laterally, and a pipette 
was filled with 5% wheat germ agglutinin-conjugated HRP (WGA-HRP, 
Sigma) and 30% HRP (Sigma Type VI) was lowered into the IO nerve 
proximal to the site of the transection and 1.5-2.0 ~1 of the mixture 
injected over a period of 3-5 min. Care was taken to minimize leakage 
from the injection site. Following the injection of the tracers, the scalp 
was sutured and the animals were returned to their cage. 

Ten adult Wistar rats were anesthetized with a mixture of ketamine and 
xylazine (37.5 mg ketamine and 5.0 mg xylazine/ml; 0.1 ml/l00 kg) or 
ketamine and chlorprothixene (37.5 mg ketamine and 12.5 mg chlor- 
prothixene/ml; 0.1 ml/ 100 kg) and subjected to left infraorbital nerve 
transection at the level of the infraorbital foramen. The cutaneous re- 
gions innervated by the IO nerve were not damaged during the surgery. 
No attempt was made to align the proximal and distal stumps of the 
transected nerve. At least 60 d after the nerve lesions, the animals were 
anesthetized with sodium pentobarbital (60 mg/kg, i.p., supplemented 
as needed), administered atropine sulfate (l-2 mg/kg, i.p.), placed on a 
respirator, and immobilized with gallamine triethiodide (35 mg/kg, i.p., 
supplemented hourly). Heart rate was monitored continuously, and the 
animal’s body temperature was maintained with a thermostatically con- 
trolled heating pad. 

Recordings in 6 animals were made with tungsten microelectrodes, 
and recordings in 4 rats were made with glass micropipettes. 

Experiments with tungsten microelectrodes. The dorsal calvarium was 
removed on the left side (ipsilateral to the transection), the forebrain 
aspirated and the trigeminal ganglion exposed. Tungsten microelec- 
trodes (Frederick Haer, impedance = 20-25 MQ) were placed on the 
ganglion 1 .O mm caudal to bregma with a stereotaxic electrode manip- 
ulator and advanced with a Kopf stepping microdrive. This region of 
the ganglion is known to contain primarily maxillary and ophthalmic 
cells. Single units were amplified, displayed, and monitored using stan- 
dard methods (see Rhoades et al., 1983). Somatosensory simulation was 
delivered, and receptive fields were carefully documented using previ- 
ously described methods (Jacquin et al., 1986a, b). Afferent receptor 
type was categorized according to criteria established by Gottschaldt et 
al. (1973) for vibrissa afferents and Burgess and Per1 (1973) and Brown 
and Iggo (1967) for nonvibrissa units. An entire battery of stimulation 
was delivered every 20 pm of descent through the ganglion. The depth 

After a survival time of 2-4 d, rats were deeply anesthetized with 
sodium pentobarbital and perfused according to the method of Rosene 
and Mesulam (1978). The trigeminal ganglia and its peripheral nerve 
roots were carefully removed and cut at 25 pm on a cryostat. The tissue 
was reacted for visualization of HRP by the method of Mesulam (1978). 
Sections were dehydrated, cleared, and coverslipped without counter- 
staining. 

Cell diameters were determined using measurements made from 720 x 
drawings of labeled somata using a graphics tablet and corrected using 
the methods described by Smolen et al. (1983) and Klein et al. (1987). 
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ALL INFRAORBITAL UNITS 

Figure 1. Top, Histograms illustrating 
the relative percentages of all primary 
afferent neurons with infraorbital re- 
ceptive fields recorded in the trigeminal 
ganglion. Graphs indicate those units 
that responded to low-threshold vibris- 
sa, guard hair, skin, or noxious me- 
chanical stimuli. For each category, data 
from normal ganglia (taken from Jac- 
quin et al., 1987) are shown on the left 
and data from ganglia ipsilateral to adult 
IO transection are on the rig/zt. Bottom, 
Histograms depicting the relative per- 
centages ofunits with vibrissa receptive 
fields only. Data from normal ganglia 
are taken from Jacquin et al. (1986~) 
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Ganglion topography 
To determine the topography of IO ganglion cells reinnervating the 
vibrissae of the mystacial pad, selected vibrissae follicles were injected 
with HRP or fluorescent tracers and the locations of the retrogradely 
filled cell bodies determined with bright-field and episcopic fluorescence 
optics. Rats were anesthetized with a combination of chlorprothixene 
and ketamine. The guard hairs of the mystacial pad were removed with 
a commercially available depilatory andthe animals secured in a stereo- 
taxic headholder. Specific follicles (A 1, E 1, A4, and E4, see Figs, 7 and 
8) were isolated and injected with either True blue (Sigma; 2.5% in 
water), diamidino yellow (Dr. Illing GmBH and Co.; 2.5% in water), 
fluorogold (2.0%, Fluorochrome Inc.), or WGA-HRP (Sigma; 5% in 
water) according to the method of Klein and Rhoades (1985). Rats were 
perfused transcardially with 0.9% saline followed by 4% paraformal- 
dehvde (in 0.1 M uhosohate buffer. DH 7.4) after a 72 hr survival time. 
Mystacial pads and gr&lia were immediately removed and alternate 
sections processed for either fluorescence or HRP. Sections to be pro- 
cessed for fluorescence were obtained from tissue embedded in O.C.T. 
compound (Miles Laboratories), frozen in liquid nitrogen, and cut at 
25 pm in a cryostat. Tissue was plated onto unsubbed slides and cov- 
erslipped with mineral oil. Sections to be processed for visualization of 
HRP reaction product were processed as noted in the previous section 
with the exception that potassium nitroprusside was omitted from the 
reaction. 

Statistical analysis 
The significance of changes in the relative proportions of cells in the 
ganglion and brain-stem recording experiments (as compared with val- 
ues obtained in normal animals) was evaluated using the x2 test, based 
on justifications presented by Fleiss (198 1) and Mattson (198 1). Briefly, 
both groups (normal and adult-lesioned) were first compared with each 
other to determine if indeed a significant difference was found between 
the 2 distributions. This analysis did demonstrate that significant dif- 
ferences between the 2 groups existed (x2 = 245.42 with 6 degrees of 
freedom, p < 0.0 1, in ganglion recording experiment). We then collapsed 
the original tables into 2 x 2 tables, comparing each experimental group 
to normal, to define those single categories for which differences were 
significant. 

GUARD HAIRS SKIN, L.T. NOXIOUS 

ALL INFRAORBITAL VIBRISSAE UNITS 

SLOW ADAPT II RAPID ADAPT 

r 
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Results 
Ganglion recording experiments 
A total of 458 ganglion cells ipsilateral to the IO lesion were 
recorded and characterized. Of these, 245 cells were recorded 
with tungsten electrodes and 213 with glass. The average en- 
counter rate using tungsten microelectrodes was one unit every 
55.4 Km, and for glass electrodes was one unit every 50.3 pm. 
Examination of Figures 2, 3, 5, and 6 reveals that tungsten and 
glass electrodes isolated a similar range of receptive fields. 

Of the 458 trigeminal ganglion cells recorded, 290 (66.6%) 
units had IO receptive fields. As indicated in Figure 1, 30% of 
the IO cells responded to innocuous vibrissal stimulation, 39.1% 
to guard hair deflection, 8.2% to gentle indentation or stretch 
of skin, and 22.3% to noxious (strong pinch or deep pressure, 
with no response to careful stimulation of adjacent territory) 
stimuli. An additional 15 units were driven by the IO stimu- 
lating electrode but had no discernable peripheral receptive field. 
When this analysis was restricted to units with IO vibrissa re- 
ceptive fields only, 33.3% were found to be slowly adapting type 
I, 6.6% were slowly adapting type II, 32.2% were low velocity 
rapidly adapting, 20.0% were high velocity rapidly adapting, 
and 7.7% were nociceptive-biased (for a description of these 
receptive fields, see Jacquin et al., 1986a). In our previous re- 
ceptive field analysis of the ophthalmic-maxillary portion of 
normal trigeminal ganglia (Jacquin et al., 1986~) using identical 
procedures, we found that 73.5% of the recorded cells had IO 
receptive fields. Of these, 77.2% responded to vibrissal stimu- 
lation, 12.0% responded best to guard hair dejlection, 4.5% to 
gentle skin indentation or stretch, and only 6.3% responded to 
noxious stimuli. The relative increase in the number of guard 
hair and nociceptive units, and the decrease in vibrissa units 
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Figure 2. Receptive fields of each unit recorded in penetrations through the deepest portion of the ophthalmic-maxillary region of the trigeminal 
ganglion in 2 of the animals subjected to transection of the IO nerve as adults. In each case the electrode was placed 1.0 mm caudal to bregma; 
the distance of the track from the midline is indicated at the top. Representative response properties of selected units are shown to the right of 
each track. Oscillographs A-C show the response of a B2 vibrissa to sustained dorsal deflection (A and C) and application of a 5 12 tuning fork to 
the shaft of the hair (B). The response of a nociceptive unit to sustained pinch of the skin over the A3 vibrissa is illustrated in D and E, while F 
shows the response to deep pressure and G indicates the lack of response to light stroking of the skin in this region. Oscillographs H and Z illustrate 
the response of a ganglion cell to deflection of the B3 vibrissa (ZZ) or a small group of guard hairs above Al (I). Multiple receptive fields of this 
type are not found in normal animals. Another multiple receptive field is shown in J and K. This ganglion cell was sensitive to deflection of both 
a long guard hair on the snout (J) and movement of guard hairs above the snout at the midline (ZC). The waveform of a rapidly adapting E 1 vibrissa 
afferent is illustrated in L. 

following nerve transection in adulthood was statistically sig- 
nificatlt (x2 = 66.07, p < 0.01 for increase in proportion ofguard 
hair cells; x2 = 35.88, p < 0.01 for increase in noxious units; 
x2 = 142.74, p < 0.01 for decrease in vibrissa units). When we 
restricted our analysis of normal ganglion units to vibrissa-sen- 
sitive cells only, we found that 43.8% were slowly adapting type 

I, 10.3% were slowly adapting type II, 27.6% were low velocity 
rapidly adapting, 16.8% were high velocity sensitive, and only 
1.2% were nociceptive. There was a suggestion that the tran- 
section lesion increased the percentage of vibt-issa-sensitive no- 
ciceptive units, but the low number of cells recorded in this 
category did not permit valid statistical analysis. 



552 Renehan et al. - Consequences of Adult lnfraorbital Nerve Transection 

ML: 3.5 3.0 2.5 

428 JI 

a fi, 

c7 

% 

E1x 
GH 
OR 
noFlF 

NX 

SK 

no RF 

E 

5rn”L 
1 ms(a,b) 
.l set(c) 

921 Jl 

2.0 

NX 

3 

c2 
no RF 

973 y 

GH 

8P 
no RF 

NX 

715P 

Figure 3. Receptive fields of all the ganglion cells isolated with glass 
microelectrodes in 4 penetrations through an adult trigeminal ganglion 
ipsilateral to IO nerve transection. The placement of the electrode (in 
millimeters) lateral to the midline is shown at the top of each track. All 
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Figure 4. Top, Histograms depicting 
the relative percentages of all primary 
afferent neurons with infraorbital re- 
ceptive fields recorded in the trigeminal 
spinal tract. Graphs indicate those units 
that responded to low-threshold vibris- 
sa, guard hair, skin, or noxious me- 
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Bottom, Histograms showing the rela- 
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In addition to a relative increase in the number of nociceptive 
and guard hair units, adult IO nerve transection also resulted 
in a number of ganglion cells with abnormal receptive fields. 
These unusual units included 5 cells with discontinuous recep- 
tive fields (2 of these units responded to deflection of more than 
one vibrissa), a unit that was sensitive to movement ofa vibrissa 
and surrounding guard hairs, and 8 cells that responded only to 
deep pressure in the region of the IO foramen. The response 
properties of 2 of the units with abnormal receptive fields are 
shown in Figure 2. Panel h in this reconstruction of a tungsten 
electrode track 2.1 mm lateral to the midline shows the response 
of a ganglion cell (encountered 10 pm below the surface of the 
ganglion) to sustained caudal deflection of the B3 vibrissa. This 
same unit also responded to movement of a small group of 
guard hairs above the Al vibrissa (panel i). Deflection of the 
intervening guard hairs and vibrissae elicited no response from 
the unit. Another ganglion cell with a discontinuous receptive 
field, recorded 880 Km below the surface of the ganglion, is 
illustrated in panels j and k. In this case, the unit was rapidly 
adapting to movement of a pair of long guard hairs on the snout 
(j), as well as a small group of guard hairs above the snout (k). 

c 
tracks were made 1 .O mm caudal to bregma, and the total depth of each 
track is indicated at the bottom. The oscillograph depicted in a indicates 
the response of a ganglion cell with no receptive field to IO nerve 
stimulation; b illustrates this cell’s response to the trigeminal spinal tract 
stimulating electrode; and c shows lack of response to general low- 
threshold stimulation of the mystacial pad with a cotton-tipped swab. 
MD, unit with mandibular receptive field; OP, unit with ophthalmic 
receptive field. All units not indicated by OP or MD had maxillary 
receptive fields. GH, guard hair unit; OR, oral unit; Nx, nociceptive 
unit; no RF, unit with no receptive field but driven by IO and/or spinal 
tract stimulating electrode; mystacial vibrissa units are shown using 
standard nomenclature. 
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Figure 5. All units isolated with tungsten microelectrodes in 4 pene- 
trations through a trigeminal ganglion ipsilateral to IO nerve transection. 
The relative depth of each unit is shown as the point of maximum action 
potential amplitude. Semicolons separate multiple units found at the 
same depth. The response properties of mandibular and ophthalmic 
units follow the MD or OP symbol, separated by a comma. All units 
not accompanied by MD or OP were found in the maxillary region. SK, 
skin; AT, auriculotemporal sinus hair; SO, supraorbital sinus hair; all 
other abbreviations are identical to those used in Figure 3. 

An example of an axotomized ganglion cell that maintained 
a central brain-stem projection and a peripheral process which 
reached the rostra1 orbit, but did not have a discemable receptive 
field, is illustrated in Figure 3. This figure depicts the receptive 
fields of all ganglion cells encountered in 4 mediolateral tracks 
with glass microelectrodes 1.0 mm caudal to bregma. The re- 
sponses of one ganglion cell to IO (a, 0.4 msec latency) and 
spinal trigeminal tract stimulation (b, 0.6 msec latency) are also 
depicted. This cell had no discernable receptive field using the 
stimuli we employed (lack of response to innocuous stimuli of 
the mystacial pad with a cotton-tipped swab is shown in c). A 
total of 15 of the 2 13 units recorded in the trigeminal ganglion 
with glass microelectrodes had no receptive fields. 
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Figure 6. Receptive fields of all units recorded with tungsten micro- 
electrodes in 4 penetrations through an adult trigeminal ganglion ipsi- 
lateral to IO nerve transection. All conventions and abbreviations are 
identical to those used in Figure 5. 

Brain-stem recording experiments 

In all, 112 spinal trigeminal tract fibers were recorded in normal 
adult rats and 132 fibers in adult rats that sustained transection 
of the IO nerve at least 60 d prior to the recording experiment. 

Of the 112 fibers recorded in normal animals, 81 (72.2%) 
units had IO receptive fields. As shown in Figure 4, 73.2% of 
the IO units responded to innocuous vibrissal stimulation, 14.6% 
to guard hair deflection, 8.5% to gentle indentation of the skin, 
and 2.5% to noxious stimuli. When the analysis was restricted 
to those units with vibrissa receptive fields only (n = 61) 37.8% 
were found to be slowly adapting type I, 19.7% were slowly 
adapting type II, 37.8% were low velocity rapidly adapting, 3.3% 
were high velocity rapidly adapting, and only 1.6% were noci- 
ceptive biased. 

In adult-lesioned animals, 8 1 (6 1.3%) of the 132 recorded 
fibers had IO receptive fields. Of these, 38.2% responded to 
innocuous vibrissa stimulation, 29.6% to guard hair movement, 
16.0% to gentle indentation of the skin, and 19.7% to noxious 
stimuli. Of the vibrissa-sensitive units, 16.1% were slowly 
adapting type I, 3.2% were slowly adapting type II, 45.2% were 
low velocity rapidly adapting, 35.5% were high velocity rapidly 
adapting, and 3.2% nociceptive biased. The dramatic relative 
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Figure 7. A, Examples of vibrissae injected with fluorescent tracers or HRP. These examples illustrate the accuracy of the injections, with very 
little tracer leaking into the surrounding connective tissue. Scale bar, 0.5 mm. B-D, Longitudinal sections through the ganglion labeled by vibrissa 
injections shown in A. B and C, Same section viewed with epifluorescence optics at an excitation wavelength of either 355 or 410 nm. Examples 
of labeled cells are indicated by labeled arrows. D, A section through the ganglion adjacent to the section shown in B and C. In this instance, dark- 
field optics are used to visualize examples of HRP-labeled neurons. See Figure 8 for a representation of all labeled cells in these sections. G, 
fluorogold; r, True blue; Y, diamidino yellow; H, HRP. Scale bar (in D), 250 Wm. 

increases in nociceptive and high velocity rapidly adapting units 
were statistically significant (x2 value = 11.66, p < 0.01 for 
nociceptive units; x2 value = 22.32, p < 0.01 for velocity-biased 
vibrissa units). 

As in the ganglion recording portion of this investigation, 
trigeminal spinal tract recordings in lesioned animals revealed 
a number of units with abnormal receptive fields. These in- 
cluded 2 units with nonadjacent multiple vibrissa receptive fields, 
1 unit sensitive to movement of a mystacial vibrissa in maxillary 
territory and a patch of guard hairs in the mandibular region, 
and 10 units with no discernable receptive fields. Nine units in 
lesioned animals responded only to deep pressure in the region 
of the IO foramen, while no units with this receptive field were 
identified in normal adult rats. 

Topographic analysis 
Physiology. Figures 5 and 6 represent reconstructions of tungsten 
microelectrode tracks through 2 trigeminal ganglia in animals 

that sustained IO nerve transection. Careful examination of 
these and all other ganglion penetrations suggests the following 
conclusions regarding the organization of the trigeminal gan- 
glion following this injury: 

1. Units with maxillary receptive fields were found throughout 
the ophthalmic-maxillary region of the ganglion, with the high- 
est concentration in the ventral aspect. 

2. Ophthalmic units were most commonly encountered in 
medial tracks, and rarely in the most lateral tracks. 

3. Units with mandibular receptive fields were most heavily 
represented in the dorsolateral portion of the ganglion. 

Maxillary intradivisional topography was initially analyzed 
by plotting the receptive fields of the first and last recorded 
vibrissa-sensitive units in 19 dorsoventral penetrations of gan- 
glia ipsilateral to the nerve transection (see Appendix). In nor- 
mal ganglia, cells with caudal receptive fields were recorded 
dorsal to those with rostra1 receptive fields in approximately 
92% of the tracks examined in this manner (Jacquin et al., 
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1986~). In the present study of adult-lesioned ganglia, only 63% 
of the tracks displayed this topography, suggesting some loss of 
intradivisional order (Fisher’s exact test, p < 0.05). 

Morphology. To pursue the question of altered maxillary in- 
tradivisional topography, we examined 6 rats that received in- 
jections of fluorescent tracers or WGA-HRP in the Al, A4, El, 
and E4 vibrissae at least 60 d following adult IO transection. 
Figures 7 and 8 show the results of one such experiment. In this 
case, the Al vibrissa was injected with fluorogold, A4 with 
diamidino yellow, E 1 with True blue, and E4 with WGA-HRP. 
Ganglion cells labeled by retrograde transport of these tracers 
can be distinguished from each other by viewing the sections 
with a combination of episcopic fluorescence optics and bright- 
or dark-field illumination. When this paradigm is used in nor- 
mal animals, ganglion cells that innervate A-row vibrissae are 
located medially and neurons that supply caudal E-row hairs 
are lateral (Klein et al., 1987). This order was not evident in 
the adult-lesioned animals. As the plots of labeled cells in Figure 
8 indicate, cells supplying dorsal vibrissae were located through- 
out the mediolateral extent of the ganglion, as were neurons 
innervating ventral hairs. 

Though not shown in Figure 7, we encountered occasional 
double-labeled ganglion cells in the tracer experiments. The 
number of double-labeled cells (2-4 per ganglion) is consistent 
with data obtained in normal animals (Rhoades et al., 1987). 

Effects of nerve transection on cell body size. To examine the 
effect of the lesion on ganglion cell body size we calculated 
corrected frequency distributions for the diameters of WGA- 
HRP-labeled txigeminal ganglion cells labeled by injection of 
tracer into the intraorbital portion of the IO nerve in normal 
and adult-lesioned rats. Based on measurements of 478 cells in 
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Figure 8. Schematic illustration of 
Figure 7, showing the sites of tracer in- 
jection and all the labeled cells seen in 
the sections discussed in that figure. A, 
The 4 vibrissae injected with the tracers 
(A 1, A4, E 1, and E4). B-D correspond 
to the analogous panels in Figure 7. All 
abbreviations are the same as those used 
in the previous figure. 

normal animals and 1122 neurons in animals that sustained IO 
transection, the data indicate that adult IO transection had no 
statistically significant effect on the average diameter of trigem- 
inal ganglion cells that contribute axons to the regenerate nerve. 

Discussion 
The data obtained in this investigation indicate that transection 
of the IO nerve in the adult rat results in a number of abnor- 
malities in the trigeminal primary afferent pathway. In the fol- 
lowing discussion, each of the principal findings will be consid- 
ered individually. 

Adult IO transection results in trigeminal ganglion cells with 
unusual receptivejields 

Recordings of primary afferent neurons in the trigeminal gan- 
glion and trigeminal spinal tract ipsilateral to IO nerve tran- 
section disclosed units with discontinuous receptive fields, units 
sensitive to movement of both vibrissae and guard hairs, and 
a number of cells that responded only to deep pressure in the 
region of the IO foramen. Discontinuous receptive fields have 
been noted after peripheral nerve transection in a number of 
experimental (e.g., Horch, 1979; Terzis and Dykes, 1980; Jac- 
quin et al., 1987) and clinical (e.g., Hallin et al., 1981) studies 
of primary afferent injury. In the present investigation, split 
receptive fields were recorded for units in both the trigeminal 
ganglion and in the trigeminal spinal tract. Axon misdirection, 
which is probably responsible for generation of discontinuous 
receptive fields, may be important in explaining the faulty sen- 
sory localization noted in clinical studies of peripheral nerve 
regeneration (see Terzis and Dykes, 1980; Hallin et al., 198 1). 

It is probable that most, if not all, of the units activated by 
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deep pressure in the region of the IO foramen (the site of the 
transection injury) are responding to stimulation of axons in or 
near the neuroma which forms at this location following the 
lesion. Although many “neuroma” afferents exhibit sponta- 
neous activity (see Burchiel, 1984; Meyer et al., 1985), only one 
of our cells manifested this property. In addition to cells which 
apparently ended in or near a neuroma, we were able to activate 
a number of ganglion cells with stimulating electrodes that had 
no discernable receptive field, suggesting that some ganglion 
cells may survive the loss of the distal portion of their peripheral 
processes following this type of injury. 

Nerve transection results in a shift in the receptivejeld 
properties of IO ganglion cells. 
We observed a significant decrease in the percentage of trigem- 
inal ganglion cells responsive to low-threshold vibrissa stimu- 
lation with an increase in the number of guard hair and noci- 
ceptive afferents. Our previous study of the consequences of 
neonatal infraorbital IO nerve transection also disclosed a sig- 
nificant increase in nociceptive units (Jacquin et al., 1987). As 
noted in the introduction, most single-unit studies of the effects 
of peripheral nerve transection in humans have failed to explore 
this effect adequately. (Since the human investigations usually 
employ awake and unanesthetized subjects, this decision is un- 
derstandable.) The increase in nociceptive units, however, may 
explain in part the numerous clinical accounts (e.g., Hallin et 
al., 198 1) of painful sensations following recovery from nerve 
lesions. 

The importance of the increase in guard hair units following 
nerve transection is less clear. Our previous study of neonatal 
IO injury found no change in the percentage of ganglion cells 
responsive to guard hair deflection. It has been shown, however, 
that the morphological consequences of IO nerve transection 
are less obvious in guard hair sensory receptors than vibrissa 
receptors (Renehan and Munger, 1986; Munger and Renehan, 
1988). It is possible that regenerating IO axons encounter less 
difficulty in reinnervating guard hairs than vibrissae following 
the adult nerve injury. 

Both the present brain-stem recording experiments and our 
previous study of the consequences of neonatal IO injury re- 
vealed a statistically significant increase in the percentage of 
vibrissa units sensitive to rapid deflection of vibrissae (high- 
velocity afferents). The increase in the number of high-velocity- 
sensitive cells was not statistically significant in the ganglion 
recording portion of the present study. Although it is currently 
not possible to provide a morphological explanation for shifts 
in the relative percentages of afferent modalities following IO 
lesion, it is worth noting that adult IO transection dramatically 
alters the structure of the vibrissa receptor apparatus (Renehan 
and Munger, 1986). It is possible that the abnormal primary 
afferent peripheral terminals noted in reinnervated vibrissae 
have receptive fields that appear identical to some of those seen 
in normal animals (e.g., nociceptive biased or high velocity 
rapidly adapting). 

IO nerve transection in the adult rat alters ganglionic 
topography 
When the positions of ophthalmic and mandibular units were 
plotted with respect to the mediolateral and dorsoventral axes 
of the trigeminal ganglion, we found essentially no change from 
the topography noted in normal ganglia (Jacquin et al., 1986~). 
Similar analysis of the IO vibrissa afferents suggested some topo- 

graphical abnormalities, but the observation was barely statis- 
tically significant. The retrograde labeling experiments, how- 
ever, disclosed substantial ganglion reorganization following IO 
injury. The morphological studies, which are probably more 
accurate for this type of analysis, indicated that the mediolateral 
vibrissa topography seen in normal neonatal and adult rats (Klein 
et al., 1986, 1987) was almost completely eliminated. This al- 
teration has also been demonstrated in neonatally lesioned rats 
(Klein et al., 1987). Whether or not the same mechanisms are 
responsible for reorganization in both the neonatal and adult 
ganglia remains to be established. It is possible that the abnor- 
mal ganglion topography seen in the present study is simply a 
result of misdirected regenerating axons. This suggests, for ex- 
ample, that ganglion cells that originally innervated A row vi- 
brissae can supply vibrissae of any row following reinnervation 
of the mystacial pad. The resultant sensory misinformation, as 
interpreted by higher neural centers, could be very significant. 

Appendix 
Receptive fields of the first and last recorded vibrissa-sensitive cells 
in 19 dorsoventral penetrations through the ophthalmic-maxillary 
portion of trigeminal ganglia in rats subjected to adult IO nerve 
transection. 

B4 ) c4a DS,F6 
E2, C3 C7 / D3a 
El ,B2 Dl ,E2 
E2, E4 D4,Fp 
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D3, FIQ F2 , F6 
B3, Ela A2,D5 
Al ,A2 Bl ,D7 
Bl , C-D D-E,E3 
C5) Cla 
0 Those electrode tracks where the most dorsally isolated cell’s receptive field was 
not caudal to that of the most ventrally isolated cell. 
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