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Visceral Targets Specify Calcitonin Gene-related Peptide and
Substance P Enrichment in Trigeminal Afferent Projections

Kevin Horgan and Derek van der Kooy

Neurobiology Research Group, Department of Anatomy, University of Toronto, Toronto, Ontario, Canada M5S 1A8

Rat trigeminal ganglion projections to a visceral target (in-
tracranial blood vessels) are enriched in calcitonin gene-
related peptide (CGRP) and substance P (Sub P) compared
to trigeminal ganglion projections to a cutaneous target (the
forehead skin). We asked if transplants of a novel visceral
target (fetal stomach antrum tissue) into the path of the
neonatal rat trigeminal frontal nerve projection to forehead
skin would induce neuronal CGRP and Sub P enrichment. By
postnatal day (P) 25, the percentage of nerves containing
CGRP increased from 14-15% in the control trigeminal pro-
jection to forehead skin to 20-31 % (in different experiments)
in the trigeminal projection to transplanted stomach antrum.
The percentage of Sub P-containing neurons increased from
10% in the control forehead skin projection to 22% in the
trigeminal projection to stomach transplants over the same
time period. The number of neurons in the trigeminal frontal
nerve projection to stomach antrum transplants was not sig-
nificantly different from the number of frontal neurons pro-
jecting to control forehead skin. We suggest that respeci-
fication of trigeminal neurons to the CGRP and Sub P
phenotype, not selective survival of CGRP- and Sub P-pos-
itive afferents, is the mechanism by which stomach antrum
induces enrichment of CGRP and Sub P.

A subpopulation of rat trigeminal neurons with cutaneous
forehead skin projections also sends a transient axon collat-
eral projection to a visceral target (the cerebral arteries)
during early postnatal development. Postnatal maintenance
of an axonal projection to a cutaneous target (forehead skin)
may be incompatible with a neuron also maintaining a vis-
ceral collateral to the cerebral arteries. Neonatal transplants
of stomach antrum were made into the path of the trigeminal
projection to forehead skin. This tested whether frontal nerve
projections to a novel visceral target would protect these
individual trigeminal neurons from the normal retraction of
their visceral axon collaterals to the cerebral arteries. Four-
teen percent of trigeminal neurons in the cutaneous projec-
tion to the forehead skin also project to the middle cerebral
artery at P5 in control rats. By P90, all of these cells survive
and maintain cutaneous forehead skin projections, but al-
most all have retracted their artery collaterals in control an-
imals. Less than 4% of trigeminal neurons projecting to
transplanted stomach antrum retain their cerebral artery col-
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lateral projection at P25, the same low percentage of cells
retaining artery collaterals in the trigeminal projection to con-
trol transplants of forehead skin at this age. Thus, in the
trigeminal system, postnatal forehead target phenotype is
important in regulating neurotransmitter expression in neu-
ronal afferents, but may not be the critical factor controlling
the axon collateral distribution of neurons projecting to mul-
tiple peripheral targets.

Interactions between neurons and their peripheral tissue targets
influence the development of peripheral nerve projections. In
particular, these interactions are important in the regulation of
neurotransmitter phenotype in projecting neurons, as well as in
the selective stabilization of peripheral neuronal connections
that occurs during the developmental cell death and axon re-
traction period. There is a strong correlation in sensory neurons
between neurochemical profile and peripheral target tissue (Ma-
rusich et al., 1986a; Philippe and Droz, 1986; Gibbins et al.,
1987; McMahon and Gibson, 1987; Molander et al., 1987;
O’Brien et al., 1989). In addition, the onset of expression of
neurochemical markers has been correlated with initial target
innervation (Marusich et al., 1986a; Philippe et al., 1988; Katz
and Erb, 1990). In vitro studies have also revealed the induction
of neurochemical expression in sensory neurons by coculture
with their targets (Philippe et al., 1988; Weston et al., 1988).
Direct tests of target regulation of neurotransmitter phenotype
involving de novo growth of the sympathetic sweat gland pro-
jection to novel peripheral targets in rats demonstrate that the
presence of the sweat gland target is necessary postnatally for
the normal expression of cholinergic properties in projecting
sympathetic neurons. Moreover, neonatal transplants of sweat
gland tissue induce cholinergic properties in a previously nor-
adrenergic sympathetic projection (Shotzinger and Landis, 1988,
1990b). Perhaps the most convincing evidence for target regu-
lation of neurotransmitter phenotype in sensory neurons in vivo
has come from studies showing changes in neurotransmitter or
neurochemical expression in regenerating sensory neurons after
their experimentally manipulated innervation of novel targets
(McMahon and Gibson, 1987; McMahon and Moore, 1988;
McMabhon et al., 1989). Studies analogous to those on target
regulation of neurochemical expression in sensory afferent pro-
Jjections demonstrate that changing peripheral target phenotype
results in a corresponding change in central projections of af-
ferent neurons. When dorsal root ganglion (DRG) cutaneous
afferents are forced to innervate muscle, there is a resultant
change in their central projections in the spinal cord; they make
novel connections on motoneurons appropriate for their new
peripheral target (Smith and Frank, 1987). Further evidence of
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peripheral target regulation of sensory afferent phenotype comes
from a study where neonatal exposure of cutaneous afferents to
antiserum against NGF (which is present in the target epidermis
of these afferents) disrupts the normal cutaneous target speci-
fication of afferent receptor subtype (Ritter et al., 1991).

The trigeminal ganglion provides sensory innervation to cu-
taneous, muscular, and visceral targets in the head. In the rat,
trigeminal afferents first reach their peripheral targets between
embryonic days (E) 13-15 (Erzurumla and Killackey, 1983).
Onset of neurotransmitter expression in trigeminal neurons oc-
curs several days later. Trigeminal cells expressing the neuro-
transmitter substance P (Sub P) are first seen at E17 in the
trigeminal ganglion (Kessler and Black, 1981). Expression of the
neurotransmitter calcitonin gene-related peptide (CGRP) in pe-
ripheral trigeminal processes is first seen in cerebral blood ves-
sels and olfactory epithelium at E18 (Tsai et al., 1989; Baker,
1990). Trigeminal sensory neurons exhibit distinct neurotrans-
mitter profiles that are characteristic of the peripheral target
innervated (Terenghi et al., 1986; Ositelu et al., 1987; O’Connor
and van der Kooy, 1988; Edvinsson et al., 1989). In particular,
trigeminal visceral projections to the cerebral arteries and cu-
taneous projections to the forehead skin differ in the percentage
of afferent neurons in each projection that contains CGRP and
Sub P. Thirty percent of trigeminal cerebral artery afferents
contain CGRP, while less than 15% of trigeminal forehead skin
afferents contain CGRP. Similarly, 18% of the trigeminal ce-
rebral artery-projecting neurons contain Sub P, compared to
the less than 10% of forehead skin trigeminal afferents that
contain Sub P (O’Connor and van der Kooy, 1988).

The differences in the CGRP and Sub P profiles of trigeminal
projections to the cerebral arteries versus the forehead skin raise
the question of the developmental mechanisms regulating neu-
rotransmitter profiles in neurons whose perikarya are inter-
mixed in the opthalmic division of the ganglion but whose pe-
ripheral projections differ. The trigeminal visceral projection to
the cerebral arteries is characterized by a period of postnatal
cell death and axon retraction that results in a loss of more than
three-quarters of the neurons in this projection between post-
natal day (P) 5 and P90. In contrast, over this same period the
trigeminal projection to the forehead skin undergoes no signif-
icant cell death or axon retraction from the forehead target
(Horgan et al., 1990). There is a correlation between the post-
natal regressive events and the adult enrichment in CGRP and
Sub P in the trigeminal cerebral artery projection, whereas an
absence of regressive events and a comparatively reduced pres-
ence of CGRP and Sub P characterize the trigeminal forehead
skin projection. This could indicate a causal link between post-
natal regressive events in the cerebral artery projection and
enrichment of CGRP and Sub P. However, observations in the
trigeminal cerebral artery projection reveal that CGRP-con-
taining neurons do not selectively survive at the cerebral artery,
nor do CGRP-negative neurons selectively regress from the ar-
tery, during the postnatal cell death and axon retraction period
in this projection. Rather, maintenance of an artery projection
postnatally ensures CGRP enrichment whereas postnatal re-
traction of artery collaterals results in a respecification of some
retracting neurons to the non-CGRP phenotype (Horgan et al.,
1990). These results lead to the hypothesis that cerebral arterial
targets may directly induce CGRP enrichment in trigeminal
afferents. Enrichment of both CGRP and Sub P is seen in vis-
ceral afferent projections throughout the body from the trigem-
inal ganglion and several DRG (Su et al., 1986; Terenghi et al.,

1986; Green and Dockray, 1987, 1988; Molander et al., 1987;
O’Connor and van der Kooy, 1988). In particular, the DRG
sensory projection to stomach antrum is highly enriched in both
CGRP cells and Sub P afferents, with reports of 75-85% CGRP
cells and 50-60% Sub P cells in this projection (Green and
Dockray, 1988). Thus, the first question to be asked in the
present study is whether transplants of fetal stomach antrum
tissue into the path of neonatal cutaneous trigeminal afferents
to the forehead skin will produce an enrichment in CGRP and
Sub P in these neurons.

The effects of target phenotype may extend beyond the reg-
ulation of afferent neurotransmitter profile to the regulation of
afferent connectivity. Axon retraction in the trigeminal system
appears to play a significant role in refining peripheral connec-
tivity during postnatal development. In neonatal animals, ap-
proximately 15% of the neurons afferent to the forehead skin (a
cutaneous target) also project to the cerebral arteries (a visceral
target). By P90, almost all of these cells have retracted their
artery collaterals but have retained their forehead projection
and do not die. This indicates that axon retraction facilitates
the functional segregation of visceral and cutaneous projections
in the trigeminal system (O’Connor and van der Kooy, 1986;
Horgan et al., 1990). It has been suggested that different func-
tional classes of sensory neurons (i.e., cutaneous, visceral, and
proprioceptive) may have distinct neurotrophic requirements
(Davies, 1987). We hypothesized that visceral and cutaneous
trigeminal targets release different trophic factors that selectively
support only the appropriate class of sensory afferent during
development. In this way, single trigeminal neurons would be
constrained to project to only visceral or only cutaneous targets
by means of regressive events during development. Support for
this idea comes from a study where neurotrophic factors from
the corneal epithelium selectively enhance survival of only a
subpopulation of trigeminal opthalmic division neurons (cor-
neal epithelium is a normal target for opthalmic afferents) (Chan
and Haske, 1981). Another study also shows that neural crest—
derived cutaneous trigeminal afferents are responsive to NGF
(which is present during development in trigeminal cutaneous
targets) but show no responsiveness to separate neurotrophic
factors derived from other, noncutaneous targets (Davies and
Lindsay, 1984). Thus, the second question to be asked in the
present study is whether transplants of fetal stomach antrum
tissue into the path of cutaneous trigeminal afferents to the
forehead skin will prevent the normal axon retraction of cerebral
artery collaterals by these same neurons.

Materials and Methods

The first transplant paradigm. The offspring of pregnant albino Wistar
rats were used in this experiment. Rat pups were recorded as PO on day
of birth. Stomach antrum tissue from embryonic day (E) 18 rat fetuses
was dissected out under sterile conditions and kept in Dulbecco’s mod-
ified Eagle’s medium (D-MEM) containing 20% calf serum until time
of transplantation. Stomach antrum tissue was chosen as donor tissue
because a large percentage of DRG afferents projecting to this target
contain CGRP and Sub P (Green and Dockray, 1988). E18 was chosen
as an optimum age for donor tissue, because this is 3—4 d after DRG
afferents first contact their peripheral targets and 1 d after DRG afferents
first show evidence of neurotransmitter expression (Kessler and Black,
1981; Altman and Bayer, 1982). PO rat pups were anesthetized using
cold temperatures. The right forehead skin flap was opened and the
frontal nerve dissccted out and cut just distal to the supraorbital fora-
men. Fetal stomach antrum tissue was wrapped around the proximal
stump of the frontal nerve, and the transplanted tissue was surrounded
by Gelfoam to prevent it from moving. Animals were sutured and then
rewarmed until they recovered. Control animals received frontal nerve



cuts and applications of Gelfoam. In both of these procedures, sufficient
true biue (TB) was applied to ensure labeling of the entire trigeminal
projection to the transplant tissue. At P22, animals were anesthetized
using sodium pentobarbital (65 mg/kg), and the retrograde fluorescent
axonal tracer TB was applied to transplanted stomach antrum in the
experimental group and to the forehead skin in controls. In controls,
powdered TB was directly applied to the frontal nerve after it was
sectioned at P22 and then covered by Gelfoam. In transplant animals,
either powdered TB was applied directly to the stomach tissue and then
covered by Gelfoam, or (in larger transplants) injections of less than 1
ul of 5% TB were made directly into the lumen of the transplant tissue.
At P22, transplants were generally fluid-filled spheres of tissue %2 to 2
cm in diameter that were clearly identifiable by distinctive surface ap-
pearance, plentiful vascularization, and dense innervation. At P25, an-
imals were killed. This age was chosen because previous studies in the
trigeminal system indicate that a variety of developmental events are
complete by this age (O’Connor and van der Kooy, 1989; Tsai et al.,
1989).

The second transplant paradigm. The first transplant paradigm was
modified in several ways to test whether technical constraints limited
the stomach antrum-induced CGRP enrichment in trigeminal afferents
in the first transplant paradigm. To control for host animal immune
reaction against transplanted tissue, the offspring of inbred Fischer 344
rats were used both as donors and recipients. Control animals received
E18 forehead skin tissue transplants wrapped around the proximal stump
of the cut right frontal nerve (instead of just frontal nerve cuts), to control
for the nonspecific effects of transplanting any type of tissue. Cutting
the frontal nerve may precipitate cell death in frontal nerve afferents,
and selective cell death could conceivably produce changes in neuro-
transmitter profiles. Therefore, the effect of nerve cut was controlled for
in both control and experimental groups by cutting and not cutting the
nerve in half of each group. To limit tracer spread, only small appli-
cations of fast blue (FB) were made to the transplanted tissues. These
applications were immediately covered by a small square of Parafilm,
and then Vaseline was smeared over and around the application site to
prevent leakage. At death, transplant tissue was removed from animals
and was fixed and sectioned (as described below) to verify tracer spread.
TB was the tracer used in the first transplant paradigm, and FB was
used in the second paradigm. The results with these tracers were treated
as interchangeable, since our previous work has shown no difference in
retrograde labeling in the rat trigeminal system with TB and FB (Horgan
et al., 1990).

The adult DRG sensory projection to stomach antrum. Male adult
Fischer 344 inbred rats were anesthetized using sodium pentobarbital
(65 mg/kg). The abdominal cavity was opened and the ventral aspect
of the stomach was exposed. A small powdered FB application to stom-
ach antrum was covered in Gelfoam, and then stomach was folded over
the application site and carefully stitched to seal the application site.
At least 4 d post-FB application preceded death to allow for retrograde
transport of FB.

Postnatal retraction of cerebral artery collaterals in trigeminal frontal
nerve-projecting cells. Offspring of Fischer 344 inbred pregnant rats were
used in this experiment. PO transplants in both control and experimental
groups were made exactly as described in the modified transplant par-
adigm. At P22, the animals were anesthetized using sodium pentobar-
bital (65 mg/kg). From a parietotemporal approach, the right middle
cerebral artery (MCA) was isolated just ventral to the rhinal sulcus using
a Zeiss operating microscope. A small amount of powdered TB or FB
was applied directly to the artery and then covered by one or two pieces
of Gelfoam. Animals were sutured and allowed to recover. At P24, the
animals were again anesthetized and the retrograde fluorescent tracer
diamidino yellow (DY) was applied to the transplanted tissues and
covered by a small square of Parafilm and by Vaseline. At P25, animals
were killed. P25 was chosen because postnatal regression in the trigem-
inal MCA projection is largely complete by this age (O’Connor and van
der Kooy, 1989).

Tissue processing and immunocytochemistry. At the time of death,
animals were deeply anesthetized with sodium pentobarbital and de-
capitated. The right trigeminal ganglion and DRG from thoracic levels
9-12 (when assaying the normal CGRP presence in DRG afferents to
stomach antrum) were removed from the rats, washed in D-MEM, and
then cultured in D-MEM containing 10-* M colchicine for 2-3 hr (neo-
natal ganglia) or 5-6 hr (P25 and adult ganglia). Colchicine pretreatment
in vitro improves visualization of neurotransmitter immunohistoflu-
orescence without increasing the overall number of transmitter-positive
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cells identified in sensory ganglia (O’Connor and van der Kooy, 1988),
and was used here to reduce variability in the scoring of CGRP- and
Sub P—positive cells. Ganglia were then immersed in 4% paraformal-
dehyde in 0.1 M phosphate-buffered saline (PBS) for 24 hr at 4°C and
then transferred to 20% sucrose for another 24 hr at 4°C. Twenty-four
micrometer sections were cut on the cryostat. For CGRP immunostain-
ing, ganglion sections were incubated at 4°C for 24 hr with primary
antiserum to CGRP (Penninsula, against Tyr-CGRP) diluted to 1:300
in 0.1 M PBS, containing 1% normal goat serum (NGS) or normal horse
serum (NHS) and 0.3% Triton X-100. After primary incubation, the
ganglia were rinsed twice (rinsing solution: 0.1 M PBS containing 1%
NGS or NHS and 0.3% Triton X-100) and then incubated at room
temperature in goat or sheep anti-rabbit IgG conjugated with fluorescein
isothiocyanate (Dimension) diluted 1:50. After a final rinse with 0.1 M
PBS, sections were mounted on gel-coated slides. For Sub P immu-
nostaining, ganglion sections were incubated at 4°C for 24 hr with a
monoclonal antiserum to Sub P (Sera Lab) diluted to 1:50in 0.1 M PBS
containing 1% NGS or NHS and 3% Triton X-100. After primary in-
cubation, sections were rinsed two to three times in the rinsing solution
and then incubated for 60 min at room temperature in a biotinylated
horse anti-mouse IgG (Dimension) diluted 1:50. After rinsing, sections
were then transferred to a 1:50 avidin-conjugated rhodamine isothio-
cyanate (Dimension) solution for another 60 min at room temperature.
After a final rinse in 0.1 M PBS, sections were mounted on gel-coated
slides. Sections were counted under an epifluorescent Leitz microscope
using a 360 nm filter for TB, FB, and DY labeling, a 470 nm filter for
CGRP fluorescein staining, and a 550 nm filter for Sub P rhodamine
staining. Retrogradely labeled cells were counted in all sections or every
second section for CGRP, and in every second section for Sub P, through
the ganglia. Neurotransmitter-positive cells were counted among the TB
and FB retrogradely labeled populations. All counts were performed by
the same experimenter, who was blind as to whether the tissue was from
experimental or control ganglia. All counts were corrected using the
method of Abercrombie (1946). Absorption controls demonstrated the
specificity of the CGRP and Sub P antisera by the abrogation of im-
munostaining in ganglion sections incubated in primary CGRP anti-
serum or Sub P antiserum absorbed with the CGRP peptide (Penninsula)
or with the Sub P peptide (Sigma), respectively.

Results

CGRP enrichment by stomach antrum transplants in the first
transplant paradigm

Fetal stomach antrum transplants produced a significant (¢ =
2.9, p < 0.05; n =19 control, n = 18 experimental) enrichment
in CGRP-positive afferents, increasing the percentage of CGRP-
containing cells from 15% in control frontal nerve projections
to the forehead skin to 20% in experimental frontal nerve pro-
jections to transplanted stomach antrum (Fig. 1A4). This 5%
enrichment in the percentage of cells containing CGRP (ap-
proximately 10-15 of the neurons giving rise to this projection)
occurred in the absence of any significant ( = 0.16, p > 0.05;
n = 19 control, n = 18 experimental) change in the number of
labeled frontal nerve—projecting cells in transplanted animals
compared to controls (Fig. 1B). This result suggests that the
CGRP enrichment in transplanted animals was due to the re-
specification of non-CGRP-positive trigeminal neurons to the
CGRP phenotype by the stomach antrum target, rather than to
the selective survival of CGRP-containing trigeminal stomach
antrum afferents. An example of CGRP-immunoreactive stain-
ing is shown in Figure 2.

Sub P enrichment by stomach antrum transplants in the first
transplant paradigm

Fetal stomach antrum transplants also produced significant (¢
= 2.2, p < 0.05; n = 8 control, n = 8 experimental) enrichment
in Sub P—positive trigeminal afferent projections, increasing the
percentage of Sub P—containing cells from 10% in control frontal
nerve projections to forehead skin to 22% in experimental fron-
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Figure 1. A, Percentage of retrogradely labeled trigeminal neurons that

were CGRP positive in the frontal nerve projection to neonatal trans-
plants of fetal stomach antrum tissue and to normal control forehead
skin. B, Number of retrogradely labeled trigeminal neurons at P25 in
the same projections described in 4. Data represent means + SEM. *
indicates p < 0.05 for that comparison.

tal nerve projections to stomach antrum transplants (Fig. 34).
This enrichment involved approximately 10-15 of the neurons
giving rise to this projection. The total number of labeled pro-
jecting cells was not significantly (= 0.8, p > 0.05; n = 8 control,
n = 8 experimental) different in transplanted animals compared

to control animals (Fig. 3B). This again suggests that Sub P
enrichment by stomach antrum targets involves respecification
of projecting non-Sub P neurons to the Sub P phenotype, rather
than selective survival of Sub P-containing afferents.

CGRP enrichment by stomach antrum transplants in the
second transplant paradigm

If targets completely control neurotransmitter phenotype in af-
ferent primary sensory neurons, then the report of 75-85%
CGRP-positive cells in the DRG afferent projection to stomach
antrum (Green and Dockray, 1988) suggests that the stomach
antrum-induced CGRP enrichment in trigeminal afferents is
incomplete, perhaps limited by technical constraints in the first
paradigm. To investigate this further, several modifications to
the transplant paradigm were introduced. Smaller applications
of retrograde tracer were used (immediately covered by a com-
bination of Parafilm and Vaseline) to prevent tracer spread to
skin surrounding the transplanted tissue, since retrograde tracer
uptake by trigeminal nerve fibers in the surrounding skin (low
in CGRP) may have masked a greater increase in CGRP en-
richment in neurons specifically projecting to transplanted stom-
ach antrum. Note that this application procedure makes im-
possible any direct comparison of absolute neuronal survival in
trigeminal projections to experimental and control transplant
tissues since size and position of tracer application were not
uniform in this paradigm (as verified by postmortem exami-
nation of transplanted tissue). Inbred Fischer 344 rats were em-
ployed as host animals and for tissue donors to control for the
possibility that an immune reaction in the host animal against
transplanted tissue might attenuate the induction of CGRP en-
richment in trigeminal afferents. Finally, the percentage of CGRP-
containing cells in the normal DRG projection to stomach an-
trum was assayed (using the same antibodies to CGRP and the
same retrograde tracer labeling protocol as in the transplant
paradigm) to provide a control comparison for the stomach
antrum-induced CGRP enrichment in trigeminal afferents. Two
other controls were introduced to the transplant paradigm. First,
to control for the nonspecific effects of transplanting any type
of tissue, E18 forehead skin transplants (instead of no tissue)
were undertaken in the control animals. Second, half of the
animals in both the experimental and control groups were given
transplants of stomach antrum and forehead skin, respectively,
without first cutting the frontal nerve. This attempted to control
(1) for axotomy-induced cell death, which might in itself change
the neurotransmitter profile of a projection if there is any spec-
ificity in which neurons die, and (2) more importantly, for ax-
otomy-induced changes in neurotransmitter expression that are
independent of cell death (Savy et al., 1981; Chiaia et al., 1987;
White et al., 1990).

In the second transplant paradigm, the trigeminal projection
to transplanted stomach antrum was 31% CGRP positive at
P25. This was a significant (1 = 2.7, p < 0.05; n = 7 experimental,
n = 10 control) increase in the percentage of cells containing
CGRP in comparison to the 14% CGRP-positive cells in the
trigeminal projection to control forehead skin transplants at this
age (Fig. 4). It was not possible to assess whether neuronal
survival was affected by the transplant procedure in the second
transplant paradigm (see above); however, results from the first
transplant paradigm indicate that there is no significant change
in the number of frontal nerve-projecting neurons in response
to transplant tissue (Fig. 1B). Thus, we suggest that the induction
of CGRP enrichment by stomach antrum transplants in the
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Figure 2. Photomicrograph of a colchicine-treated section of rat trigeminal ganglion removed at the approximate time that neonatal age transplants
were made, and stained with an antiserum to CGRP and fluorescein isothiocyanate—conjugated secondary antibodies. Cell bodies were scored
positive on the basis of staining intensity, characteristic color, and granular appearance of the staining in the cytoplasm of labeled cells. Arrows
point to two of the several CGRP-immunoreactive cell bodies in the field, Scale bar, 50 um.

present paradigm is due to respecification of projecting non-
CGRP neurons to the CGRP phenotype rather than selective
survival of CGRP-positive trigeminal neurons afferent to trans-
planted stomach antrum. The 14% CGRP presence in control
projections to forehead skin indicates that there is no nonspecific
tissue transplant effect involved in the stomach antrum-induced
CGRP enrichment. In the control animals, not all of the skin
transplants survived until death at P25. However, there was no
significant (t = 0.77, p > 0.05; n = 4 skin transplant survival,
n = 6 no skin transplant survival) difference in the percentage
of CGRP-containing cells in the control group depending on
whether the skin transplant survived, nor were there significant
effects on CGRP percentages due to cutting frontal nerve branches
in the experimental group (t = 1.27,p > 0.05; n =4 cut, n =
3 no cut) or in the control group (¢ = 1.5, p = 0.05; n = 4 cut,
n = 6 no cut). This indicates that neither selective, axotomy-
induced cell death nor axotomy-induced changes in neurotrans-
mitter expression are likely to be involved in stomach antrum
target-induced enrichment of CGRP in trigeminal afferents. In
the present experiments, nerve cuts were made distally, just
prior to terminal arborizations of the frontal nerve into the
forehead skin. Perhaps this distal axotomy is the reason no cell
death or neurotransmitter-specific disruptions were seen in re-
sponse to axotomy, since axotomy-induced disruptions are at-
tenuated the more distal the cut is made (Lieberman, 1974).

In the normal adult DRG projection to stomach antrum, 30%
of the retrogradely labeled cells contained CGRP, a level of
enrichment similar to that seen in the trigeminal projection to
transplanted stomach antrum tissue (Fig. 4). This suggests that
in our paradigm a visceral target (stomach antrum) is able to
induce CGRP enrichment (by P25) in the previously cutaneous
trigeminal forehead skin projection to the same degree as is seen
in the normal visceral DRG projection to stomach antrum at
maturity.

The retraction of collateral afferent projections in response to
stomach antrum transplants

At PS5, 14% of the neurons comprising the cutaneous frontal
nerve projection to the forehead skin have axon collaterals to
the MCA. By P90, less than 1% of trigeminal forehead skin—
projecting neurons retain MCA collaterals, but all of these tri-
geminal neurons survive and retain their forehead skin collateral
projections at maturity (O’Connor and van der Kooy, 1986;
Horgan et al., 1990). In animals with stomach antrum trans-
plants placed into the path of previously cutaneous frontal nerve
afferents, visceral collateral retraction from the cerebral artery
in these frontal nerve afferents appeared to be unaffected. At
P25, less than 4% of the frontal neurons projecting to trans-
planted stomach antrum retained MCA collaterals. This value
was not significantly (¢ = 0.16, p > 0.05; n = 6 control, n = 4
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Figure 3. A, Percentage of retrogradely labeled trigeminal neurons that
were Sub P positive in the frontal nerve projection to neonatal trans-
plants of fetal stomach antrum tissue and to normal control forehead
skin. B, Number of retrogradely labeled trigeminal neurons at P25 in
the same projections described in 4. Data represent means + SEM. *
indicates p < 0.05 for that comparison.

experimental) different from the less than 4% of the control
frontal neurons projecting to transplanted forehead skin that
retained MCA collaterals at P25 (Fig. 5). Thus, the visceral
cerebral artery collaterals of these trigeminal neurons retract
regardless of whether the members of this subpopulation of the
frontal nerve projection maintain a cutaneous projection to the

percentage of neurons containing CGRP

trigeminal trigeminal adult DRG
frontal nerve frontal nerve projection to
projection to projection o stomach antrum
transplanted transplanted
forehead skin  forehead skin

Figure 4. Percentage of retrogradely labeled trigeminal neurons that
were CGRP positive in the frontal nerve projection to neonatal trans-
plants of fetal stomach antrum (middle) and to neonatal transplants of
fetal forehead skin (Jeff) in the second transplant paradigm. The bar on
the right shows the percentage of retrogradely labeled DRG neurons
that were CGRP positive in the normal adult projection to stomach
antrum. Data represent means + SEM. * indicates p < 0.05 for that
comparison.

forehead skin or maintain a visceral projection to stomach an-
trum transplanted to the forehead. This indicates that target
phenotype does not effect the segregation of the visceral and
cutaneous projections of single trigeminal neurons. In addition,
these resuits indicate that the majority of the postnatal collateral
retraction from the MCA occurs in forehead-projecting trigem-
inal neurons by P25.

Discussion

These transplant studies suggest that peripheral targets can reg-
ulate the neurotransmitter phenotype of projecting sensory neu-
rons. A neonatal visceral transplant of fetal stomach antrum
induced CGRP and Sub P enrichment in trigeminal ganglion
neurons afferent to this visceral target. Percentage CGRP ex-
pression increased from 14% of the control trigeminal neurons
projecting to forehead skin up to as much as 31% of the trigem-
inal neurons projecting to transplanted stomach antrum (when
immune reactions and tracer application size were controlled).
Similarly, Sub P increased from 10% of the control projection
to forehead skin to 22% of the trigeminal frontal nerve projec-
tion to transplanted stomach antrum. Approximately 30%
CGRP-positive neurons are present both in the mature DRG
projection to stomach antrum and in the P25 trigeminal pro-
jection to transplanted stomach antrum. This suggests that the
trigeminal and DRG neuronal populations may offer substrates
of similar lability with respect to CGRP expression.

The presence of approximately 30% CGRP-positive neurons
observed in both the trigeminal projection to transplanted stom-
ach antrum and the DRG projection to stomach antrum is mark-
edly lower than the 75-85% CGRP-positive afferents in the
normal DRG sensory innervation to stomach antrum reported



in another study (Green and Dockray, 1988). Similarly, the 22%
Sub P—containing neurons measured in the trigeminal projection
to transplanted stomach antrum is a much lower figure than the
50-60% Sub P reported in the normal adult DRG innervation
of stomach antrum in the previous study (Green and Dockray,
1988). In the second transplant paradigm, we assayed CGRP
immunoreactivity in the DRG projections to the stomach an-
trum using a variety of antisera to CGRP [including the anti-
serum used in the previous report of very high percentages of
CGRP-positive DRG afferents (Green and Dockray, 1988)]. We
found that our standard antiserum (Penninsula) showed supe-
rior results both in terms of the percentages of retrogradely
labeled cells containing CGRP and in terms of CGRP staining
intensity per cell. We suggest that different experimental pro-
tocols and different scoring criteria may be responsible for the
discrepancies in both CGRP and Sub P presence in stomach
antrum afferents.

The range of CGRP expression varies from 10% of the neu-
rons in the normal trigeminal nerve projection to the forehead
skin to approximately 30% of the neurons in three projections
(the normal trigeminal projection to the cerebral arteries, the
normal DRG projection to stomach antrum, and the experi-
mental trigeminal projection to stomach antrum) (O’Connor
and van der Kooy, 1989; Horgan et al., 1990; present results).
This bounded range raises the possibility that there are intrinsic
limits to CGRP expression in sensory afferent populations. Per-
haps only a subpopulation of sensory neurons is capable of
expressing CGRP, thus establishing an upper limit to CGRP
expression in sensory projections. Furthermore, some of the
neurons within this subpopulation may be committed to express
CGRP early in development, thus establishing a lower limit to
CGRP expression in sensory projections postnatally. Evidence
for limits on the plasticity of CGRP expression in trigeminal
neurons comes again from work documenting CGRP expression
in the subpopulation of trigeminal neurons with neonatal pro-
jections both to the cerebral arteries and to the forehead skin.
In the neonate, 20% of these neurons express CGRP, whereas
in the adult (after almost all of these neurons have retracted
their axon collaterals from the cerebral artery) only 16% express
CGRP. The 16% CGRP expression at P90 in this subpopulation
of neurons now solely projecting to the forehead skin is still
significantly higher than the 10% CGRP-positive neurons in the
overall population of trigeminal neurons projecting solely to the
forehead skin at this time (Horgan et al., 1990). This suggests
an incomplete loss of CGRP expression in this subpopulation
of trigeminal forehead-projecting neurons with neonatal cere-
bral artery collateral projections. This may be due to the early
developmental commitment of some of this subpopulation of
trigeminal neurons to CGRP expression. Further evidence for
the idea that sensory neuron subpopulations may be committed
early to the expression of a particular neurochemical phenotype
comes from in vitro studies using the monoclonal antibody SN1,
which identifies an epitope on the cell surface of cutaneous
sensory afferents. In these studies, SN1 expression has been
identified on a subpopulation of newly postmitotic sensory af-
ferents put into culture prior to peripheral target contact (Ma-
rusich et al., 1986b; Marusich and Weston, 1988). Evidence that
there may be upper limits to the proportion of sensory neurons
expressing a certain neurochemical phenotype comes from stud-
ies on calbindin. This calcium-binding protein has been shown
to be expressed in only Al and B1 DRG cell types (Philippe
and Droz, 1988), and it appears that only 15%-20% of DRG
afferents are calbindin positive (Philippe and Droz, 1988). Fur-
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Figure 5. Percentage of frontal nerve—projecting trigeminal cells that
possess an axon collateral to the MCA in the normal frontal nerve
projection at P5 (lefi bar; data from Horgan et al., 1990), in the frontal
nerve projection to neonatally transplanted fetal stomach antrum or
fetal forehead skin (middle bars), and in the normal frontal nerve pro-
jection at P90 (right bar; data from O’Connor and van der Kooy, 1986).
Data represent means += SEM.

thermore, induction of calbindin expression in culture by muscle
extract (muscle is a target enriched in calbindin-positive DRG
afferents) does not exceed 10% of the cultured neurons even at
saturating concentrations (Barakat and Droz, 1989).

CGREP is enriched in sensory nerve projections to visceral
targets throughout the body (Su et al., 1986; Terenghi et al.,
1986; Green and Dockray, 1987, 1988; Molander et al., 1987,
O’Connor and van der Kooy, 1988). The vasculature (a visceral
target) providing the blood supply in the forehead skin could
be a specific target for the 10% CGRP-positive cells in the tri-
geminal cutaneous projection to the forehead skin, since some
CGRP-positive sensory fibers have been reported to course along
blood vessels in the dermis of hairy skin in the rat (Kruger et
al., 1989). However, the distribution of CGRP-positive sensory
nerve fibers is not limited to the vasculature of hairy skin, since
CGRP-positive terminations have also been reported in asso-
ciation with hair follicles and as free endings in the epidermis
(Kruger et al., 1989; Shotzinger and Landis, 1990a). Although
projections to the skin vasculature may account for some of the
CGRP presence in this trigeminal cutaneous projection, CGRP-
positive trigeminal fibers also appear to terminate on nonvis-
ceral elements in the forechead skin.

The molecular nature of the signals present in stomach antrum
tissue that specify CGRP and Sub P expression is unknown at
present. In vitro studies on sympathetic neurons reveal several
molecules that have been at least partially characterized in-
cluding cholinergic differentiation factor, membrane-associated
neurotransmitter-stimulating factor, ciliary neurotrophic factor,
and a low molecular weight protein(s) isolated from sweat gland
tissue in rats. All of these molecules induce expression of ACh,
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reduce expression of catecholamines in sympathetic neurons,
and have, to a varying degree, effects on Sub P, somatostatin,
vasoactive intestinal peptide, and neuropeptide Y expression in
sympathetic neurons (Nawa and Patterson, 1990; Rao and Lan-
dis, 1990; Rao et al., 1990). In the first transplant paradigm,
the similar level of enrichment of CGRP and Sub P in stomach
antrum-projecting trigeminal neurons in experimental animals
may indicate a common stomach antrum signal for the induc-
tion of CGRP and Sub P in projecting trigeminal neurons. CGRP
and Sub P have previously been shown to colocalize together
in some single sensory neurons (Gibbins et al., 1985; Lee et al.,
1985; Su et al., 1986). Evidence consistent with the idea of a
single, target-derived signal regulating expression of two distinct
neurochemicals comes from an in vitro study revealing a pro-
portionate rise in Sub P and ACh in sympathetic neurons after
exposure to a variety of conditioned media from different pe-
ripheral tissues (Nawa and Sah, 1990). However, previous work
on the trigeminal projection to the cerebral artery indicates that
this projection is characterized by a CGRP-positive, Sub
P-negative subpopulation of afferents (O’Connor and van der
Kooy, 1988). Thus, it is possible that at least some peripheral
targets can induce CGRP expression independent of Sub P in
trigeminal neurons.

Modification of neurotransmitter phenotype appears to in-
volve a developmental mechanism independent of the mech-
anisms underlying axon collateral rearrangement in the same
trigeminal sensory neurons. Neonatal transplants of a visceral
target (stomach antrum) into the path of cutaneous afferents to
the forehead skin do not prevent normal postnatal retraction of
the axon collaterals of a subpopulation of these same neurons
from another visceral target, the cerebral arteries. Develop-
mental influences other than the contrasting visceral versus cu-
taneous target phenotypes of this neuronal subpopulation, pro-
jecting neonatally to both cerebral artery and forehead skin,
must determine the normal retraction of their axon collaterals
from the cerebral artery.

Previous studies in this system provide evidence that local
competition may be the most important variable regulating axon
retraction at the cerebral artery (O’Connor and van der Kooy,
1989). Strictly local target regulation of afferent survival would
suggest that in single neurons with axon collaterals both to the
cerebral arteries and to the forehead skin, survival of these two
collateral projections would be regulated independently of one
another. During normal postnatal development, MCA-project-

ing afferents from neurons with forehead skin collateral projec- -

tions are at a competitive disadvantage for survival at the MCA
in comparison to neurons projecting only to the cerebral arteries.
At P5, MCA-projecting trigeminal neurons with forehead skin
collateral projections make up 25% of the overall MCA projec-
tion (Horgan et al., 1990), whereas by maturity trigeminal neu-
rons with forehead skin collateral projections make up less than
3% of the overall MCA projection (O’Connor and van der Kooy,
1986, 1989). Local interactions at the MCA may not be the
only factor regulating postnatal maintenance of axon collaterals
at the MCA.

In neurons projecting to the MCA and to the forehead skin
neonatally, postnatal maintenance of a forehead skin projection
may itself be important in the selective retraction of axon col-
laterals to the MCA. A major developmental difference between
the trigeminal projection to the cerebral arteries and the trigem-
inal projection to the forehead skin is the absence of detectable
postnatal cell death or axon retraction from the forehead target

in the forehead skin projection, contrasting with the large amount
of axon retraction and cell death that characterizes the trigem-
inal cerebral artery projection (O’Connor and van der Kooy,
1986; Horgan et al., 1990). An excess of local neurotrophic
factor or target space at the cutaneous forehead target and a
limiting amount of trophic factor or target space at the visceral
cerebral artery target may underlie the normal development of
trigeminal neurons with dual projections neonatally to both the
cerebral arteries and the forehead skin. It has been suggested
that any given neuron has a limited ability to arborize, and thus
an important factor involved in the remodeling of a single neu-
ron’s initial pattern of connectivity is competition between sib-
ling neurites of the same nerve cell for limited intracellular
constituents necessary to sustain a limited amount of axonal
arborization (Smallheiser and Crain, 1984; Saffran and Crutch-
er, 1990). Single trigeminal neurons with projections to both
the forehead skin and cerebral arteries neonatally may be at a
competitive disadvantage when competing for survival at the
cerebral artery postnatally because of the success of their axon
collateral branches in surviving at the forehead skin. From this
point of view, transplants of stomach antrum in the place of
the forehead skin would not change the competitive disadvan-
tage of cerebral artery collaterals of single trigeminal neurons
relative to their sibling frontal nerve collaterals, because trans-
planted stomach antrum would still provide an excess of the
local survival factor or target space for the frontal nerve collat-
erals.

The visceral phenotype of a transplanted target dictates CGRP
and Sub P enrichment in normally cutaneous trigeminal gan-
glion afferent projections during postnatal development. Direct
target respecification of neurotransmitter phenotype is likely
because stomach antrum transplants do not induce a change in
the number of neurons comprising the projection. This target
phenotype control of neurotransmitter expression in afferent
projections can be dissociated from the postnatal remodeling of
axon collateral projections in the same trigeminal neurons. The
postnatal retraction of cerebral artery collaterals by single tri-
geminal neurons also possessing frontal nerve projections is not
modified by the visceral or cutaneous targets innervated by the
frontal nerve in the forehead. Rather, a difference in the ability
of the visceral cerebral artery and the cutaneous forehead skin
to support afferent innervation may induce trigeminal neurons
to maintain forehead skin projections at the expense of cerebral
artery collaterals.
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