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Gene Targeting Reveals a Critical Role
for Neurturin in the Development and Maintenance
of Enteric, Sensory, and Parasympathetic Neurons

enteric neurons (Hearn et al., 1998; Heuckeroth et al.,
1998). Artemin has biological activities that are similar
to GDNF and Neurturin in systems where it has been
tested (Baloh et al., 1998b). In contrast, Persephin, which
has similar neurotrophic actions on CNS neurons, does
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not support survival of peripheral neuron populationsand Jeffrey Milbrandt3,7

(Heuckeroth et al., 1998; Milbrandt et al., 1998). The1Department of Pediatrics
difference in biological activity between Persephin and2Department of Molecular Biology and Pharmacology
the other family members in vitro may reflect the differ-3Departments of Pathology and Internal Medicine
ences in GFRa coreceptor specificity for these ligands.4Department of Neurology

GFRa1–3 (Jing et al., 1996; Treanor et al., 1996; Baloh5Department of Psychiatry
et al., 1997, 1998a; Buj-Bello et al., 1997; Klein et al.,Washington University School of Medicine
1997; Widenfalk et al., 1997; Naveilhan et al., 1998; No-St. Louis, Missouri 63110
moto et al., 1998; Trupp et al., 1998; Worby et al., 1998)6Departments of Physiology and Medicine
and (at least in avian systems) GFRa4 (Thompson etMedical College of Virginia
al., 1998) comprise a family of high-affinity GPI-linkedof Virginia Commonwealth University
coreceptors that are required for activation of the RetRichmond, Virginia 23298
kinase. In vitro studies have demonstrated that Neurturin
preferentially activates Ret via GFRa2, whereas GFRa1
is the preferred coreceptor for GDNF (Baloh et al., 1997;

Summary Buj-Bello et al., 1997; Jing et al., 1997; Klein et al., 1997;
Sanicola et al., 1997). Similarly, Artemin preferentially

Neurturin (NTN) is a neuronal survival factor that acti- activates Ret through GFRa3 (Baloh et al., 1998a) and
vates the Ret tyrosine kinase in the presence of a GPI- PSP can bind to the chick protein, GFRa4 (Enokido et
linked coreceptor (either GFRa1 or GFRa2). Neurturin- al., 1998). These studies also demonstrated that some
deficient (NTN2/2) mice generated by homologous members of this ligand family can use alternate GFRa–
recombination are viable and fertile but have defects Ret complexes at higher ligand concentrations. For ex-
in the enteric nervous system, including reduced my- ample, NTN and Artemin can activate Ret via GFRa1 in
enteric plexus innervation density and reduced gastro- vitro, whereas GDNF can activate Ret via GFRa2.
intestinal motility. Parasympathetic innervation of the Neurotrophic factors are typically produced in limited
lacrimal and submandibular salivary gland is dramati- quantities in vivo, therefore preferred ligand/coreceptor
cally reduced in NTN2/2 mice, indicating that Neurturin combinations identified in vitro are likely to be the most
is a neurotrophic factor for parasympathetic neurons. biologically relevant pairings. Thus, regions of paired
GFRa2-expressing cells in the trigeminal and dorsal expression of a particular ligand along with its preferred
root ganglia are also depleted in NTN2/2 mice. The coreceptor will identify cell populations influenced by
loss of GFRa2-expressing neurons, in conjunction that ligand in vivo. This hypothesis is supported by the
with earlier studies, provides strong support for expression patterns of GDNF and GFRa1 during devel-
GFRa2/Ret receptor complexes as the critical media- opment. While GDNF is expressed in the mesenchyme
tors of NTN function in vivo. of the developing kidney and developing intestine, Ret

and GFRa1 are expressed in the ureteric bud and in
Introduction neural crest cells that migrate into the gut and form the

enteric nervous system (Nosrat et al., 1997; Widenfalk
Neurturin (NTN) is a member of a family of neurotrophic et al., 1997; Yu et al., 1998). As predicted by the in vitro
factors that activate the Ret tyrosine kinase in the pres- data and expression patterns for GDNF and GFRa1,
ence of a glycosylphosphatidylinositol- (GPI-) linked mice deficient in either GFRa1 (Cacalano et al., 1998;

Enomoto et al., 1998) or GDNF (Moore et al., 1996; Pichelcoreceptor (Kotzbauer et al., 1996). Closely related fac-
et al., 1996; Sanchez et al., 1996) have remarkably similartors include glial cell line–derived neurotrophic factor
defects in kidney and enteric nervous system develop-(GDNF) (Lin et al., 1993), Persephin (PSP) (Milbrandt
ment. Given the in vitro pairing between Neurturin andet al., 1998), and Artemin (ARTN) (Baloh et al., 1998b).
GFRa2 and the observation that GDNF and GFRa1 areNeurturin and GDNF share many biological properties
closely paired in vivo, it is likely that Neurturin will bein vitro including the ability to support the survival of
most important for GFRa2-expressing cell lineages, andrat sympathetic (Kotzbauer et al., 1996), midbrain dopa-
paired expression of GFRa2 and Neurturin will identifyminergic (Lin et al., 1993; Horger et al., 1998), dorsal
those tissues influenced by Neurturin during develop-root ganglion (DRG) (Buj-Bello et al., 1995; Molliver et
ment and in adulthood.al., 1997), nodose ganglion (Kotzbauer et al., 1996), and

While Ret and members of the GFRa family are widely
expressed in the developing embryo (Widenfalk et al.,7 To whom correspondence should be addressed (e-mail: jeff@
1997; Golden et al., 1998; Yu et al., 1998), paired expres-milbrandt.wustl.edu).
sion of Neurturin and GFRa2 occurs in a much more8 Present address: Vollum Institute, Oregon Health Sciences Univer-

sity, Portland, Oregon 97201. restricted pattern. Areas of paired Neurturin and GFRa2
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Figure 1. Targeted Inactivation of the Neur-
turin Gene

(A) Structure of the mouse Neurturin locus,
targeting construct, and mutant allele. Ho-
mologous recombination replaces the entire
coding sequence of the mature Neurturin pro-
tein with the pgk-Neo cassette.
(B) Southern Blot of mouse tail DNA after Kpn
I digestion. The location of the external probe
used to distinguish mutant and wild-type al-
leles is shown in (A). Wild-type band is 5.8
kb, while the targeted allele gives a 4.3 kb
product.
(C) RT-PCR analysis of Neurturin expression.
The expected Neurturin PCR product was
readily amplified using cDNA prepared from
adult heart of WT mice (n 5 5) but was not
observed in NTN2/2 animals (n 5 5). Porpho-
bilinogen deaminase (PBGD) cDNA was am-
plified from each PCR reaction as an internal
positive control for the reverse transcriptase
reactions.

expression include the intestine, salivary gland, whisker had undergone homologous recombination were in-
jected into blastocysts to create chimeric mice, whichpad, and testis. In the intestine, GFRa2 is expressed in

the myenteric plexus, while Neurturin is produced in the were then bred to create Neurturin-deficient animals
(Figure 1B). To confirm the loss of Neurturin expression,circular muscle layer. In the salivary gland, GFRa2 is

produced in parasympathetic ganglia, while Neurturin we used RT-PCR from adult heart mRNA, because low
levels of Neurturin mRNA and protein preclude otheris produced by the gland parenchyma. In the whisker

pad, GFRa2 is expressed by innervating nerve fibers approaches. The expected RT-PCR product was easily
detected in mRNA prepared from five of five wild-typefrom the trigeminal ganglion, while Neurturin is pro-

duced in and around vibrissae. These areas of NTN and animals, but in none (zero of five) of the homologous
recombinant mice (Figure 1C).GFRa2 coexpression are likely to be most affected by

NTN deficiency. Unlike mice deficient in Ret (Schuchardt et al., 1994),
GDNF (Moore et al., 1996; Pichel et al., 1996; SanchezTo determine the role of Neurturin in vivo, Neurturin-

deficient (NTN2/2) mice were produced by homologous et al., 1996), or GFRa1 (Cacalano et al., 1998; Enomoto
et al., 1998), which die in the neonatal period due to renalrecombination. NTN2/2 animals have a reduction in neu-

ron fiber density and neuronal size in the enteric nervous agenesis and severe intestinal aganglionosis, survival of
Neurturin-deficient mice (NTN2/2) is comparable to wild-system and have abnormal gut motility. The observed

deficits in the enteric nervous system of NTN2/2 mice type littermates. NTN2/2 animals are born at the ex-
pected frequency (156 wild-type [27%], 282 heterozy-demonstrate that Neurturin is critical as a trophic factor

for postmitotic enteric neurons. NTN2/2 mice also have gotes [50%], 133 NTN2/2 [23%]), and both male and
female NTN2/2 mice are fertile. Unlike GFRa2-deficienta significant loss of GFRa2-expressing neurons from the

dorsal root and trigeminal sensory ganglia. In addition, mice, which have severe growth failure (30%–50%
smaller than wild-type littermates [Rossi et al., 1998]),GFRa2-expressing parasympathetic neurons are lost

from the ciliary ganglion and submandibular salivary NTN2/2 mice have normal growth rates (Figure 2). Major
organs appear grossly and microscopically normal in-gland, and parasympathetic innervation of the lacrimal

gland is dramatically reduced in NTN2/2 mice. Surviving cluding the kidney, ureter, testes, and oviduct, where
Neurturin is expressed. NTN2/2 mice have normal renalsalivary gland parasympathetic neurons and GFRa2-

expressing trigeminal ganglion cells are smaller in function as evidenced by normal levels of blood urea
nitrogen (wild-type, 24.4 6 3.9; NTN2/2, 21.0 6 2.2) andNTN2/2 mice than in wild-type littermates. These obser-

vations support the hypothesis that Neurturin is the ma- creatinine (wild-type, 0.16 6 0.05; NTN2/2, 0.14 6 0.05).
Neurologic function of NTN2/2 mice as assessed by gait,jor physiologic ligand for GFRa2 and demonstrate that

Neurturin is a trophic factor for some parasympathetic activity level, coordination, response to tail pinch, and
ability to suckle also appears normal. Although Neurturinneuron populations.
is present in the olfactory mucosa (Figure 7A) and GFRa2
is expressed in the olfactory bulb, the sense of smell ofResults
NTN2/2 mice appears intact as they can find a buried
scented pellet faster than an unscented pellet (scentedNeurturin-Deficient Mice Lack Major

Structural Anomalies pellet: wild-type, 19 6 10 s; NTN2/2, 26 6 23 s; p 5 0.4;
unscented pellet: wild-type, 145 6 36 s; NTN2/2, 139 6Neurturin-deficient mice were made by homologous re-

combination in embryonic stem (ES) cells. The construct 14 s; p 5 0.7). Motor neurons were present in apparently
normal numbers in the anterior horn of the spinal cord,was designed to replace the entire coding region for

the mature NTN protein (Figure 1A) with a neomycin and nodose-petrosal ganglion profile counts are normal
(wild-type, 6777 6 665; NTN2/2, 6363 6 1060; p 5 0.5).resistance cassette. Two independent ES cell lines that
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Figure 2. Neurturin-Deficient Mice Grow at a Normal Rate

(A) Weight versus age is plotted for wild-type (filled circles) and
Neurturin-deficient (open circles) mice. Data represents weights for
64 wild-type and 79 Neurturin-deficient mice.

Hearing tests by brainstem auditory-evoked response
testing were equivalent to matched wild-type animals.
The brain of NTN2/2 mice does not have major malforma-
tions either grossly or microscopically as discerned by
thionin or acetylcholinesterase staining, GFRa1 or
GFRa2 in situ hybridization, or by serotonin or tyrosine
hydroxylase antibody staining.

Neurturin Is Critical for Proper Function
Figure 3. Neurturin-Deficient Adult Mice Have Smaller Nerve Cellof the Enteric Nervous System
Bodies and a Reduction in Small Fiber Density in the MyentericBecause of the absence of enteric neurons distal to the
Plexus

stomach in Ret-, GDNF-, and GFRa1-deficient animals,
(A and B) Acetylcholinesterase staining of the duodenal myentericthe enteric nervous system (ENS) of NTN2/2 mice was plexus shows a reduced density of small fibers in the Neurturin-

examined (Figure 3). Whole-mount preparations of the deficient mice (B) compared to wild-type littermates (A). The larger
ENS of adult mice demonstrated the presence of myen- dark stained regions are myenteric ganglia connected by neuronal

fiber bundles. Scale bar for (A) and (B) is 0.2 mm.teric (Figure 3) and submucosal ganglion cells (data not
(C and D) Individual ganglion cells within the duodenal myentericshown) in normal numbers along the entire length of the
plexus of wild-type (C) and Neurturin-deficient mice (D) were visual-bowel. Examination of the myenteric plexus by ace-
ized after cuprolinic blue staining. This staining technique was usedtylcholinesterase histochemistry, however, revealed a for measuring neuron soma area and for determining neuron number

striking decrease in small fiber density in the small intes- in the myenteric plexus.
tine (Figures 3A and 3B) and in the colon. Fiber density in (E–H) Immunohistochemical staining for enteric neuron subpopula-

tions that express VIP (E and F) and substance P (G and H) wasthe duodenum (quantitated by counting fibers crossing a
performed on myenteric neuron laminar preparations from the adultgrid) is 40% lower in NTN2/2 mice (p , 0.001). Since
duodenum of wild-type (E and G) and Neurturin-deficient (F and H)loss of a single large subpopulation of enteric neurons
mice. Figures show fibers in the circular muscle layer of the gut.could result in reduced fiber density, staining of myen- Both VIP- and substance P–expressing neuron fibers are readily

teric plexus whole-mount preparations for VIP (Figures seen in the Neurturin-deficient mice, although the neuron fiber den-
3E and 3F) and substance P (Figures 3G and 3H) was sity is lower for each in the NTN2/2 mice. Scale bar for (E)–(H) is

0.1 mm.performed. VIP and substance P are each expressed
in about 30% of the myenteric neurons and represent
largely nonoverlapping populations. Neither of these
populations of neurons is absent from NTN2/2 mice, but mice (mean cell area 5 96 6 4 mm2, p , 0.001, n 5 100

cells), suggesting that Neurturin provides crucial trophicboth VIP- and substance P–expressing fibers appear
to be less abundant in NTN2/2 mice than in wild-type support for these neurons and that the decreased fiber

density may reflect smaller cell size and reduced axonalanimals. To determine whether the decrease in fiber
density reflected a more general neuronal loss, myen- arborization.

To determine whether the anatomic differences be-teric neurons were quantitated after staining with cu-
prolinic blue (Karaosmanoglu et al., 1996) (Figures 3C tween wild-type and NTN2/2 mice were functionally sig-

nificant, muscle strips from the stomach (gastric fun-and 3D). Although there is a trend toward decreased
enteric neuron number (15% loss in knockouts), the dif- dus), small intestine (jejunum), and distal colon of adult

mice were evaluated for release of neurotransmittersference between wild-type and NTN2/2 mice is not sta-
tistically significant (p 5 0.17). However, myenteric gan- and muscle contraction (Figure 4). As might be predicted

from the anatomic studies, release of VIP and substanceglion cell size in the adult NTN2/2 mice (mean cell area 5
75 6 4 mm2) is significantly smaller than in the wild-type P from unstimulated muscle (basal release) was reduced
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Figure 4. Neurturin-Deficient Adult Mice
Have Abnormal Gut Motility

(A and B) VIP (A) and substance P (B) release
from unstimulated muscle of the stomach
(gastric fundus), small intestine (jejunum), and
distal colon. For all panels, wild-type mice are
shown in black bars and NTN2/2 are shown in
white bars. * indicates that values for NTN2/2

mice are different from control at p , 0.05,
n 5 24.
(C and D) VIP (C) and substance P (D) release
from colonic muscle after electric field stimu-
lation at various frequencies (0.5 Hz, 1 Hz, 5
Hz, and 10 Hz). * indicates that values for
NTN2/2 mice are different from control at p ,

0.05, n 5 6.
(E and F) The strength of contraction of co-
lonic circular (E) and longitudinal (F) muscle
during and after electric field stimulation was
quantitated for wild-type and NTN2/2 mice.
Note that for colonic longitudinal muscle,
there is a relaxation that occurs during elec-
tric field stimulation followed by rebound
contraction. The relaxation phase is repre-
sented by negative force values for contrac-
tion. * indicates p , 0.05.
(G and H) Basal contractility patterns (G) for
different regions of the gut in wild-type (1/1)
and Neurturin-deficient (-/-) mice. (H) Stimu-
lated contractility patterns in colonic longitu-
dinal muscle for wild-type (1/1) and Neur-
turin-deficient (-/-) mice exposed to 10 Hz
electric field stimulation is shown. During ap-
plication of the electric field (time between
arrowheads), there is active relaxation, with
a rebound contraction after the electric field
has stopped.

in NTN2/2 mice compared to wild-type animals (Figures wild-type or NTN2/2 gut, stimulation caused frequency-
dependent contraction of the circular and longitudinal4A and 4B). The largest differences in transmitter release

were seen in the distal gut. The differences in transmitter muscle. Quantitative analysis of muscle contractile
strength in response to electric field stimulation demon-release between NTN2/2 and wild-type mice were even

more striking after electric field stimulation. Whereas strated greatly reduced contractile strength in the
NTN2/2 mouse compared to wild-type controls (Figuresstimulation led to a marked increase in VIP and sub-

stance P release from the colon of wild-type animals, 4E and 4F). In contrast to other regions of the gut, colonic
longitudinal muscle relaxes during the 1 min period oftransmitter release from the gut of NTN2/2 mice in-

creased to a smaller degree (Figures 4C and 4D). The electric field stimulation and then contracts at the end of
the electrical stimulation (Figure 4H). Both the relaxationreduction in substance P release from the gut of Neur-

turin-deficient animals was particularly dramatic. that occurs during stimulation and the rebound contrac-
tion at the end of stimulation are greatly reduced in NTN-To investigate the functional consequences of the de-

crease in transmitter release and reduced ENS fiber deficient mice (Figures 4F and 4H). Together, these data
demonstrate that Neurturin is required for maintainingdensity of NTN2/2 mice, in vitro assays to measure intes-

tinal motility were performed. Muscle strips from all re- proper function of the enteric nervous system.
gions of the gut of wild-type mice (except intestinal
circular muscle) developed spontaneous patterns of

Neurturin Is Essential for GFRa2-Expressingslow frequency, low-amplitude contractions (Figure 4G,
Sensory Neuronsleft panel). In contrast, muscle strips from NTN2/2 mice
The GFRa coreceptors and Ret are expressed in partiallyhad significantly less spontaneous activity (Figure 4G,
overlapping subsets of neurons within the trigeminalright panel). Contractile responses to electric field stimu-

lation were also investigated. In most regions of the ganglion (Naveilhan et al., 1998), and Neurturin and
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Figure 5. Neurturin Deficiency Results in Selective Loss of GFRa2- Figure 6. Neurturin-Deficient Adult Mice Have Reduced Lacrimal
Expressing Cells from the Neonatal Trigeminal Ganglion Gland Innervation and Depression of the Eyeball within the Orbit
Trigeminal ganglia from wild-type (A, C, and E) and Neurturin-defi- (A and B) Neurturin-deficient mice are comparable in size to wild-
cient (B, D and F) P0 mice were stained with antibodies to Ret (A type littermates. Obvious periorbital abnormalities distinguish wild-
and B), or by in situ hybridization for GFRa1 (C and D) and GFRa2 type from Neurturin-deficient mice.
(E and F). Numbers of Ret- and GFRa1-positive neurons were similar Eyeball of the wild-type mouse (C) protrudes from the bony orbit, but
in ganglia from wild-type and NTN2/2 mice. There was a marked the eyeball does not protrude from the orbit in Neurturin-deficient
decrease in the number of GFRa2-stained cells in the NTN2/2 ani- animals (D).
mals versus wild-type littermates. Scale bar for (A)–(F) is 0.1 mm. (E and F) Immunohistochemical analysis of lacrimal gland innerva-

tion with PGP 9.5 antibody demonstrates nerve fibers around indi-
vidual gland acini of wild-type mice (E) (arrows). Neuronal fibers are
rare around the acini in Neurturin-deficient mice (F). Scale bar forGDNF are expressed in the target fields for trigeminal
(E) and (F) is 0.1 mm.

ganglion cells. In GDNF-deficient mice, physiologic pair-
ing between GDNF and GFRa1 was clearly demon-
strated in the trigeminal ganglion by the selective loss

in GFRa2-expressing cells in the NTN2/2 mouse com-of GFRa1-expressing neurons (Naveilhan et al., 1998).
pared to age-matched wild-type animals (wild-type,To test for physiologic pairing of Neurturin and GFRa2
333 6 28; NTN2/2, 188 6 34; p 5 0.005). Thus, Neurturinin vivo, the neonatal trigeminal ganglion was first stained
also provides important trophic support for a subsetwith antibodies to Ret, but no obvious difference be-
of GFRa2-expressing DRG neurons. The reduction intween wild-type and NTN2/2 animals was observed (Fig-
GFRa2 expressing cells observed in the DRG and tri-ures 5A and 5B). Expression of the GFRa1 and GFRa2
geminal ganglion of NTN2/2 mice is likely due to neuronalwas then examined in the trigeminal ganglion of neonatal
losses; however, it is also possible that expression ofwild-type and NTN2/2 mice using in situ hybridization
GFRa2 is reduced in the absence of Neurturin. In either(Figures 5C–5F). Quantitative analysis of trigeminal gan-
case, these observations indicate that Neurturin andglion neurons expressing each of the coreceptors dem-
GFRa2 are physiologically paired in vivo and that GDNFonstrated a marked reduction in the number of trigemi-
does not substitute for Neurturin to support thesenal neuron profiles expressing GFRa2 in the NTN2/2

neurons.mice (wild-type, 567 6 76; NTN2/2, 181 6 42; p 5 0.002)
but no change in the number of GFRa1-expressing cell
profiles (wild-type, 605 6 73; NTN2/2, 556 6 96; p 5 Neurturin Is Critical for Parasympathetic Innervation

of the Lacrimal and Salivary Glands0.5). In addition, the surviving GFRa2-expressing cells
that are present in NTN2/2 mice were significantly By two months of age, Neurturin-deficient mice can be

easily identified by the presence of periorbital abnormal-smaller than in wild-type animals (wild-type, 260 6 12
mm2; NTN2/2, 214 6 10 mm2; p 5 0.004), suggesting ities. Most of the mice have discernable eyelid droopi-

ness, and many of the animals have crusting drainagethat Neurturin is providing trophic support necessary
for maintaining cell size. around the eye with eyelid thickening (Figures 6A and

6B). Since Neurturin promotes the in vitro survival ofTo determine whether Neurturin is required by other
GFRa2-expressing sensory neurons, L4 dorsal root gan- superior cervical ganglion (SCG) sympathetic neurons

that innervate the eyelid tarsal muscle, it was first sus-glia from adult mice were stained for GFRa2 by in situ
hybridization. GFRa2-expressing cells were readily de- pected that this phenotype was the result of defects in

the SCG; however, the SCG from NTN2/2 mice is grosslytected in the wild-type and NTN2/2 DRG but appeared
less abundant in the NTN2/2 mice. Quantitation of and microscopically normal. In addition, neuron profile

counts and ganglion volume from the SCG of newbornGFRa21 neuron profiles demonstrated a 45% reduction
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WT and NTN2/2 mice were not statistically different (pro-
file counts: wild-type, 26705 6 1935; NTN2/2, 28156 6
3664; p 5 0.5; volumes: wild-type, 32 6 4 3 106 mm3;
NTN2/2, 35 6 6 3 106 mm3; p 5 0.5). Even in adult animals,
the size of SCG neurons was normal in NTN2/2 mice
(cell size: wild-type, 380 6 25 mm2; NTN2/2, 429 6 30
mm2; p 5 0.3). Since ptosis could also result from a
defect in the third cranial nerve, which innervates the
levator palpebrae, axons of this nerve from adult mice
were examined. Nerve cross-sectional area (wild-type,
2.8 6 0.3 3 104 mm2; NTN2/2, 2.8 6 0.3 3 104 mm2; p 5
0.9) and axon number (wild-type, 779 6 72; NTN2/2,
718 6 51; p 5 0.2) were not statistically different between
Neurturin-deficient and wild-type mice. Defects in eyelid
innervation therefore seem an unlikely explanation for
the periorbital appearance of NTN-deficient animals.

Upon further inspection, it was evident that one major
component of the apparent eyelid droopiness of NTN2/2

mice is related to the position of the eyeball within the
eye socket (Figures 6C and 6D). Wild-type mice have
eyes that protrude beyond the bony rim of the orbit,
whereas in the Neurturin-deficient animals, the eyeballs
are set deeper in the eye socket. The size of the eyeball is
comparable in wild-type and Neurturin-deficient animals
and does not explain the difference observed in eye
protrusion. While this difference in eyeball protrusion
could explain the apparent droopiness of the eyelids,
the crusting discharge around the eyes suggested addi-
tional deficits.

Figure 7. Neurturin-Deficient Mice Have Reduced ParasympatheticExpression of GFRa2 in the pterygopalatine ganglion
Innervation of the Submandibular Salivary Gland

(data not shown) and of Neurturin in the lacrimal gland
In situ hybridization of the E16 mouse head (A) demonstrates that(Rossi et al., 1998; J. P. G., unpublished data) suggested Neurturin is strongly expressed within the parenchyma of the devel-

that NTN2/2 mice might have defective lacrimal gland oping submandibular gland (large arrow), around developing
innervation. Staining of the lacrimal gland of adult mice whisker follicles (arrowheads), as well as in the olfactory epithelium

(small arrow). GFRa2 is expressed in the parasympathetic ganglionwith PGP 9.5 antibody revealed readily identifiable nerve
cells (arrow), which innervate the wild-type P0 mouse submandibu-fibers within the gland of the wild-type mouse (Figure
lar gland (B), but GFRa2 staining is virtually absent in the ganglia6E), but these fibers were almost completely absent in
(arrow) of Neurturin-deficient animals (C). Parasympathetic gangliathe lacrimal gland of the NTN2/2 mouse (Figure 6F). (arrow) can be seen within the salivary gland of P0 NTN2/2 mice by

Reduced tear production as a result of defects in lacri- thionin staining (D), but they are smaller than in wild-type mice (C).
mal gland innervation is therefore a likely cause for the Scale bar for (A) is 1 mm; for (B)–(E) it is 0.1 mm.
periorbital appearance of NTN2/2 mice.

Defects in parasympathetic innervation to the lacrimal
gland and the reduction in other GFRa2-expressing neu- adult mice, fiber bundles revealed by PGP 9.5 immuno-
rons in NTN2/2 mice prompted further evaluation of the staining were thinner in NTN2/2 than in wild-type animals
parasympathetic nervous system. Strong Neurturin ex- (data not shown). This reduction in nerve fiber staining
pression in the developing submandibular salivary gland would be consistent with the moderate, but not com-
(Figure 7A) and expression of GFRa2 within the para- plete, loss of parasympathetic neurons observed by cell
sympathetic ganglion cells innervating the gland sug-

profile counts.
gested that these neurons might also be affected in

To determine whether Neurturin signaling provides
NTN2/2 mice. GFRa2-stained neurons were easily seen

critical trophic support for other parasympathetic gan-in the neonatal wild-type submandibular ganglion (Fig-
glia, the ciliary ganglion that innervates the pupillaryure 7B) but could not be found in the NTN2/2 gland
constrictor muscle of the eye and the otic ganglion that(Figure 7C). Parasympathetic ganglia were, however,
innervates the parotid gland were examined. NTN2/2

readily identified in NTN2/2 submandibular gland by thio-
mouse pupils constrict in response to bright light, andnin staining (Figures 7C and 7D). Quantitation of para-
the pupils are not markedly dilated in dim light. Despitesympathetic ganglion neuron profiles in newborn NTN2/2

this apparently normal function, there is a reduction inmice demonstrated a 45% reduction in thionin-stained
the number of ciliary ganglion neuron profiles in adultprofiles compared to wild-type controls (wild-type,
mice (wild-type, 81 6 11; NTN2/2, 42 6 10; p 5 0.04),370 6 129; NTN2/2, 207 6 72; p 5 0.007). Nerve cell
but no significant change in the size of surviving ciliaryareas were also significantly smaller in NTN2/2 than in
ganglion cells (wild-type, 263 6 10 mm2; NTN2/2, 255 6wild-type mice (wild-type, 100 6 5 mm2; NTN2/2, 68 6
14 mm2; p 5 0.15). This implies that Neurturin is important3 mm2; p 5 0.001). Although nerve fibers were still readily

apparent within the submandibular gland of NTN2/2 for the survival of a subset of these neurons but that
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other trophic factors also support ciliary ganglion neu- the recently identified factor Artemin is trophic for SCG
rons. In the otic ganglion of neonatal mice, parasympa- neurons (Baloh et al., 1998b) and is likely to be important
thetic neurons strongly express GFRa2, but in contrast for SCG sympathetic neuron survival. Further support
to the submandibular gland, GFRa2 staining is not lost for this idea is the observation that Artemin’s preferred
from the otic ganglion of neonatal NTN2/2 animals. In coreceptor GFRa3 is expressed in the SCG (Worby et
addition, neuron profile counts in the neonatal otic gan- al., 1998; Yu et al., 1998). It remains intriguing that the
glion were equivalent in wild-type and Neurturin-defi- SCG of GFRa12/2 mice is well preserved (Cacalano et
cient animals (wild-type, 345 6 36; NTN2/2, 383 6 62; al., 1998; Enomoto et al., 1998), implying that GDNF may
p 5 0.4) suggesting that these neurons are not solely be acting primarily through an alternate GFRa to support
dependent on Neurturin for survival prior to birth. In SCG neurons.
contrast to the preservation in neuron profile number,
the size of individual otic ganglion cells was reduced in
NTN2/2 mice compared to wild-type controls (wild-type, Enteric Nervous System
90 6 5.5 mm2; NTN2/2, 61 6 2 mm2; p 5 0.001) indicating The anatomic and functional deficits observed in the
that Neurturin provides trophic support for otic ganglion enteric nervous system of NTN2/2 mice demonstrate the
cells. The defects observed in the ciliary ganglion, otic importance of Neurturin as a trophic factor for postmi-
ganglion, lacrimal gland, and submandibular salivary totic enteric neurons. To form the enteric nervous sys-
gland of NTN2/2 mice demonstrate the importance of tem, neural crest cells migrate from the vagal and sacral
Neurturin for the survival and maintenance of parasym- regions of the developing spinal cord (Le Douarin and
pathetic neurons. Teillet, 1973; Gershon et al., 1992). While migrating,

these cells undergo many rounds of proliferation to pro-
duce enough neurons and glia to populate the ENS. TheDiscussion
postmitotic neurons extend axonal processes to create
a network of interacting cells that regulate motility, sen-The Ret tyrosine kinase is the signaling component of
sation, blood flow, and mucosal secretion in the gutreceptor complexes for four distinct ligands (Artemin,
(Costa and Brookes, 1994; Sang et al., 1997). In culture,GDNF, Neurturin, and Persephin). The binding compo-
developing enteric neuron precursors respond to GDNFnent of these receptor complexes comprise a structur-
(Chalazonitis et al., 1997; Hearn et al., 1998) and Neur-ally novel family of glycosylphosphatidylinositol- (GPI-) an-
turin (Heuckeroth et al., 1998) by continued proliferationchored proteins (GFRa1, GFRa2, GFRa3, and, in the
and by extensive process formation. Cells grown in theavian system, GFRa4), which preferentially interact with
absence of Neurturin or GDNF have smaller cell bodiesspecific ligands in vitro. For the NGF family of neuro-
and reduced axonal processes. Although ENS precursortrophins, each trophic factor and its cognate receptor
cells cultured in vitro in GDNF and Neurturin are indistin-are critical for survival and development of distinct pop-
guishable, the physiologic role of Neurturin and GDNFulations of neurons. While GDNF and GFRa1 are essen-
is quite distinct. GDNF-deficient mice have extensivetial for kidney and enteric nervous system development,
intestinal aganglionosis, presumably as a result of insuf-the physiologic roles of the other GDNF family members
ficient proliferation of ENS precursor cells and increasedhave not been defined. Since neuron survival factors are
cell death. Neurturin-deficient mice have a reduction intypically made in limiting quantities in vivo, physiologic
the density of nerve fibers in the ENS, smaller entericpairing may occur either because of preferential recep-

tor activation or because of pairing of expression pat- neuron cell bodies, and abnormal gastrointestinal motil-
terns for ligand and receptor during development. Char- ity, but only a minimal reduction in enteric neuron cell
acterization of Neurturin-deficient mice demonstrates number. The observed deficits in the enteric nervous
the essential physiologic role for Neurturin in enteric system of NTN2/2 mice imply that Neurturin is most
and parasympathetic nervous system function and for important as a trophic factor for postmitotic myenteric
the survival of GFRa2-expressing cells in sensory neurons whereas GDNF is crucial for proliferation of
ganglia. enteric neuron precursors. The requirement for neurturin

for maintenance of the adult enteric nervous system is
demonstrated by the decrease in neuron soma diameter,Superior Cervical Ganglion
decreased neuropeptide release, and decreased intesti-Although Neurturin was first identified based on its abil-
nal motility of NTN2/2 mice. It is also clear that, althoughity to promote the survival of rat sympathetic (SCG)
GDNF can activate Ret via either GFRa1 and GFRa2 inneurons, the SCG of NTN2/2 mice appears normal. This
vitro, the presence of GDNF cannot substitute for thewas particularly surprising because the SCG is com-
loss of Neurturin as an ENS trophic factor. The strikingpletely absent in Ret2/2 mice (Schuchardt et al., 1994),
similarity of the ENS in Neurturin- and GFRa2-deficientbut only 35% smaller than wild type in GDNF2/2 (Moore
mice (Rossi et al., 1998) indicates that in vivo, Neurturinet al., 1996) animals, suggesting that other Ret ligands
exerts its effects in the enteric nervous system via theplay essential roles in SCG development. Neurturin was
GFRa2/Ret receptor complex. Although the specific cellthought to be the critical factor supporting SCG neurons
types within the ENS that express NTN, GDNF, and theand the likely explanation for differences in SCG survival
GFRa coreceptors are not yet well established, differ-between Ret- and GDNF-deficient animals. It now
ences in cell localization of receptors and the timing ofseems more likely that other Ret ligands will provide
ligand expression may contribute to differences be-the critical survival signals for SCG neurons in vivo.

Persephin does not support SCG survival in vitro, but tween GDNF- and Neurturin-deficient mice.
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Sensory Neurons plexus fiber density and disordered gastrointestinal mo-
tility. In addition, substance P–producing myentericExamination of the trigeminal and dorsal root ganglia of

NTN2/2 mice indicates that Neurturin is important for neurons appear more dramatically affected than VIP-
expressing neurons in both the NTN2/2 and GFRa22/2GFRa2-expressing sensory neurons. In the trigeminal

ganglion, there is a substantial loss of GFRa2-express- mice. Both animals have reduced innervation of the lacri-
mal and salivary glands. Both animals have similar peri-ing cells with preservation of GFRa1-expressing cells.

This directly mirrors the loss of GFRa1-expressing cells orbital anomalies, without defects in the superior cervi-
cal ganglion or third cranial nerve innervation of theobserved in GDNF2/2 animals (Naveilhan et al., 1998)

and demonstrates that even though GDNF and Neurturin eyelid. Trigeminal ganglia from developing GFRa2-defi-
cient mice have reduced fiber outgrowth in response toare coexpressed in the terminal field for the trigeminal

ganglion neurons, GDNF cannot substitute for Neurtur- Neurturin, while Neurturin-deficient mice have a reduc-
tion in the number of trigeminal ganglion GFRa2-in’s ability to support GFRa2-expressing cells. The loss

of GFRa2-expressing neurons from the DRG of adult expressing cells. Thus, for many GFRa2-dependent
cells, Neurturin is the critical neurotrophic factor.mice is consistent with findings in the trigeminal gan-

glion and reinforces the evidence for physiologic pairing Although Neurturin and GFRa2 are tightly coupled in
vivo, there are several areas of Neurturin and GFRa2between Neurturin and GFRa2. This is further supported

by the observation that Neurturin and GDNF undergo expression where phenotypic changes are not obvious
in NTN2/2 mice. For example, no striking abnormalitiesretrograde transport into distinct populations of DRG

sensory neurons (M. Leitner et al., submitted). Since were observed in the central nervous system of NTN2/2

mice, but this is also true for the Ret2/2, GDNF2/2, andGFRa1 and GFRa2 are coexpressed in about half of
GFRa21 DRG neurons (Bennett et al., 1998), it is likely GFRa12/2 animals. While this may reflect the tendency

of CNS neurons to rely on multiple trophic factors simul-that the surviving GFRa21 cells in the adult DRG of
NTN2/2 mice are maintained through activation of taneously (Snider, 1994), it is possible that more detailed

analysis of the central nervous system will reveal subtleGFRa1 by GDNF or Artemin.
deficits. Although Neurturin is strongly expressed in the
olfactory mucosa and GFRa2 is expressed in the olfac-

Parasympathetic Neurons tory bulb, the ability of NTN2/2 mice to detect a scented
While the trophic factor requirements for many sensory pellet appears normal. While olfactory neurons, like
and sympathetic neuron populations have been well other CNS neuron populations, may rely on multiple
defined, trophic factors important for parasympathetic neurotrophic factors, it is also possible that Neurturin
neuron development are less well understood. The strik- signaling is needed by only a subset of olfactory neu-
ing loss of parasympathetic innervation to the lacrimal rons, which respond to specific odorant molecules.
and submandibular salivary glands of NTN2/2 mice indi- Neurturin and GFRa2 are both expressed in the devel-
cates that Neurturin is a parasympathetic neuron sur- oping kidney, but grossly, microscopically, and func-
vival factor. The importance of Neurturin for parasympa- tionally, the kidneys of NTN2/2 mice appear normal. In
thetic neurons is supported by the reduction in ciliary addition, despite Neurturin expression in the testis and
ganglion neuron profiles and the smaller size of otic oviduct, male and female NTN2/2 animals are fertile.
ganglion cells in NTN2/2 mice. The observation that While the role of Neurturin in these tissues may be re-
Neurturin/Ret signaling is important for development of lated to innervation of these structures that would not
parasympathetic neurons is consistent with defects in have been detected with the current analysis, Neurturin
parasympathetic neurons in mice deficient in Phox2a, deficiency could also be compensated for by the pres-
a transcription factor that regulates Ret expression ence of other related trophic factors.
(Morin et al., 1997). The normal numbers of the otic Despite the similarity of Neurturin- and GFRa2-defi-
ganglion cells and normal size of surviving ciliary gan- cient animals, there is one important difference. GFRa2-
glion cells, however, suggests that other factors also deficient mice have striking growth failure, while Neurturin-
provide trophic support for some parasympathetic neu- deficient mice cannot be distinguished from littermates
ron populations. In the otic ganglion, Neurturin may be based on size. Given the remarkable similarity between
primarily responsible for maintenance of postnatal para- these animals, the etiology of growth failure in one ani-
sympathetic neurons, rather than for their prenatal de- mal, but not the other, remains unclear. It suggests that
velopment. there may some areas where GDNF can substitute for

Neurturin by activating the GFRa2 receptor and that at
least one of these areas is important for growth. Alterna-

Physiologic Pairing of Neurturin and GFRa2 tively, it is possible that the growth differences between
The analysis above, based on knowledge of the expres- these animals reflect differences in strain genetic back-
sion patterns of GDNF, Neurturin, GFRa1, and GFRa2 ground, severity of common defects, or animal hus-
suggests that Neurturin and GFRa2 are tightly physio- bandry. Differences in diet might be particularly impor-
logically coupled in vivo. Comparison of Neurturin-defi- tant since parasympathetic innervation may influence
cient and GFRa2-deficient animals (Rossi et al., 1999 salivary gland secretions and gastrointestinal motility.
[this issue of Neuron]) provides even stronger evidence If genetic background differences explain the discrep-
of this ligand/coreceptor pairing. Both NTN2/2 and ancy in growth between NTN2/2 and GFRa22/2 mice,
GFRa22/2 mice are viable, fertile, and appear to have then there are likely to be modifier genes that may be
normal kidneys. Both Neurturin- and GFRa2-deficient particularly relevant for phenotypic expression of NTN

and GFRa mutations in human populations.animals have a comparable reduction in myenteric
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(Golden et al., 1998) except that in some cases digoxigenin labeledThe defects seen in Neurturin-deficient mice occur
probes were used instead of 33P-labeled RNA. Digoxigenin labeledin human disorders of the autonomic nervous system.
slides were developed with alkaline phosphatase-coupled anti-Although Sjogren’s syndrome with xerostomia (dry
digoxigenin antibody (Boehringer Mannheim), NBT, and BCIP ac-

mouth) and keratoconjunctivitis sicca (damage to the cording to manufacturer’s instructions.
cornea because of decreased tear production) is usually
associated with autoimmune disease, it also occurs in Acetylcholinesterase Staining

Acetylcholinesterase staining was performed as described (Eno-the context of primary neuropathy (Denislic and Meh,
moto et al., 1998). For adult animals, the gut was opened along the1998). In addition, autonomic dysfunction accompanies
mesenteric border and pinned to Sylgard plates without stretching.systemic diseases like diabetes and multiple sclerosis.
The pinned gut was then fixed in 4% paraformaldehyde in 100 mM

Autonomic dysfunction has also been reported in the sodium phosphate buffer (pH 7.4) (PB) for 1–2 hr. The gut was then
context of functional gastrointestinal disease (Raethjen transferred to saturated sodium sulfate and stored at 48C until ready
et al., 1997) including patients with uncoordinated peri- for analysis. The adult gut was dissected to separate muscle layers

from the submucosa so that the myenteric and submucosal plexusstalsis or hypoperistalsis (Camilleri and Fealey, 1990)
could be stained independently. A readily apparent decrease in fiberand in patients with irritable bowel syndrome (Aggarwal
density in the NTN2/2 myenteric plexus was observed in tissueset al., 1994). Functional studies indicate that NTN2/2

prepared as above, tissues from perfused animals, or in tissues
mice have abnormal intestinal motility similar to that allowed to reach resting length before fixation (Karaosmanoglu et
which occurs in human motility disorders. These obser- al., 1996).
vations raise the possibility that Neurturin may be useful

Quantitative Analysis of the Enteric Nervous Systemto slow the progression of autonomic neuropathy in
Quantitative analysis of cell number and cell size in the myentericsystemic disease.
plexus was performed after staining with cuprolinic blue (Karaosma-
noglu et al., 1996). For these analyses, ganglionic volume and cell

Experimental Procedures number per unit ganglionic area were determined from 14 randomly
selected 2003 fields from three wild-type and three Neurturin-defi-

Generation of a Targeted Mutation in Neurturin cient mice in the myenteric plexus of the duodenum using the UTHS-
The murine (strain 129/SvJ) Neurturin P1 clone was obtained from CSA Image Tool program (developed at the University of Texas
Genome Systems. A 1.5 kb EagI/KpnI fragment extending from the Health Science Center at San Antonio, Texas; see http://ddsdx.
start of the coding sequence for the mature Neurturin protein into uthscsa.edu/dig/itdesc.html for information). Enteric neuron cell
the 39 untranslated region was replaced by a 1.8 kb NotI/EcoRI size was determined by measuring the area of 100 randomly se-
fragment from pPNT (Tybulewicz et al., 1991) containing a pgkNEO lected cuprolinic blue-stained neurons from the duodenum using
cassette to generate the targeting vector, which has a 59 short arm Image Tool software. Neuronal fiber densities in these duodenal
(2.0 kb) and a 39 long arm (6.5 kb). The linearized targeting construct myenteric neuron preparations were quantitated by counting the
was electroporated into the 129/SvJ embryonic stem (ES) cell line number of fibers that crossed a standardized grid. Sixteen randomly
RW4 (obtained from the ES Cell Core Laboratory, Washington Uni- selected fields from three wild-type and three Neurturin-deficient
versity). After growth in G418, homologous recombinants were animals were analyzed.
screened by Southern blotting using an external probe. The targeted
ES clones were injected into C57BL/6 blastocysts and transferred Contractility and Neurotransmitter Release
into pseudopregnant female mice. High-percentage male chimeras Gastric fundus, jejunum, and distal colon from adult mice were cut
were obtained and mated to C57BL/6 females. Germline transmis- into strips parallel to the circular and longitudinal muscles. After
sion was obtained with two independent ES cell lines. Mice hetero- removing the mucosa by blunt dissection, strips were mounted at
zygous for the mutant Neurturin allele were mated to obtain Neur- 0.5 g preload in 378C organ baths containing Krebs-bicarbonate
turin-deficient animals. Analyses were performed on mice with a buffer (pH 7.4) with 0.1% bovine serum albumin, 10 mM amastatin,
hybrid 129/SvJ:C57BL/6 background. The genotype of each mouse and 1 mM phosphoramidon. After a 1 hr equilibration period, field
was determined by Southern blot analysis after digestion of tail DNA stimulation was applied by parallel platinum electrodes (80 V
with KpnI. The absence of mRNA encoding the mature Neurturin strength, 1 ms duration and 0.5 to 10 Hz frequency for 1 min train
protein was demonstrated by RT-PCR from adult heart RNA. The lengths). Individual stimulation periods were separated by 1 hr equili-
multiplex PCR reaction included primers for both Neurturin and an bration periods. The bathing medium was collected for the 5 min
internal positive control (porphobilinogen deaminase [Fink et al., period immediately before stimulation (basal period) and for 1 min
1998]) (NTN primers: 59-CAGCGGAGGCGCGTGCGCAGAGAGCG, during which stimulation was applied. Samples were stored at
59-TAGCGGCTGTGCACGTCCAGGAAGGACACCTCGT; porphobili-

2808C for subsequent radioimmunoassay of VIP and substance P
nogen deaminase primers: 59-TGTTGAGGTTTCCCCGAATACT, as described previously (Grider, 1986; Grider and Makhlouf, 1986).
59-GATGCTGTTGTCTTTCACCCAAA) and produced fragments of VIP, substance P, and antiserums to VIP and substance P were from
100 nt (Neurturin) and 154 nt (porphobilinogen deaminase). The Peninsula Laboratories (Torrence, CA). 125I VIP and 125I substance P
reaction conditions were 2.5 mM MgCl2, 103 Fisher Taq buffer B, were from New England Nuclear (Boston, MA).
8% glycerol, and the cycling parameters were 948C for 30 s, 608C
for 30 s, and then 728C for 60 s 3 40 cycles.

Neuronal Counting and Cell Size Analysis
The heads of P0 mice were embedded in paraffin, sectioned in the

Histopathological Analysis and Immunohistochemistry coronal plane at 6 mm, and stained with thionin. Ganglion volumes
Tissues were prepared as described (Enomoto et al., 1998). Paraffin- and neuronal profile counts were determined and the mean and
embedded newborn pups and adult tissues were sectioned at 6 mm standard deviation were calculated as described previously (Silos-
and stained with thionin or hematoxylin and eosin. Immunohisto- Santiago et al., 1995; Enomoto et al., 1998). Volume and profile
chemistry was performed on either frozen or paraffin embedded number determinations used four animals of each genotype for the
sections as described (Enomoto et al., 1998). SCG, nodose, submandibular gland, ciliary ganglion, and optic nerve

counts, three animals of each genotype for the trigeminal gland and
DRG in situ counts, and otic ganglion profile counts. Profiles ofIn Situ Analysis of GFRa1 and GFRa2 Expression

Digoxigenin-labeled or 33P-labeled riboprobes were synthesized GFRa1- and GFRa2-stained cells in the trigeminal and ganglion
were determined by counting stained cells in every eighth sectionfrom plasmids containing mouse cDNA sequences of GFRa1 and

GFRa2; nucleotide numbers of GFRa1 and GFRa2 cDNAs are 574– (18 mm for each section) while DRG counts were performed on every
fourth section. Because the nucleolus of the in situ stained cells1069 (GenBank accession number U59826) and 1002–1417

(AF002701), respectively. Slides were prepared as described could not be identified, all stained cells were counted. For cell size
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analysis in the SCG, otic ganglion, ciliary ganglion, and submandibu- family, supports peripheral and central neurons and signals through
the GFRa3-Ret receptor complex. Neuron 21, 1291–1302.lar ganglion, cell area was measured for 50 wild-type and NTN2/2

thionin-stained cells with visible nucleoli using Image Tool software. Bardgett, M.E., Jacobs, P.S., Jackson, J.L., and Csernansky, J.G.
For the analysis of cell size in GFRa2-expressing trigeminal ganglion (1997). Kainic acid lesions enhance locomotor responses to novelty,
cells, area of 50 wild-type and 50 NTN2/2 cells was determined after saline, amphetamine, and MK-801. Behav. Brain Res. 84, 47–55.
in situ hybridization. Bardgett, M.E., Jackson, J.L., Taylor, B.M., and Csernansky, J.G.

(1998). The effects of kainic acid lesions on locomotor responses
Behavioral Analysis to haloperidol and clozapine. Psychopharmacology 135, 270–278.
Food-restricted mice were tested for their ability to locate a cherry-

Bennett, D.L.H., Michael, G.J., Ramachandran, N., Munson, J.B.,scented food reward buried 2.5 cm beneath wood shavings (Alberts
Averill, S., Yan, Q., McMahon, S.B., and Priestley, J.V. (1998). Aand Galef, 1971). The location of the scented food varied randomly,
distinct subgroup of small DRG cells express GDNF receptor com-and animals were timed for ability to locate the food. On the seventh
ponents and GDNF is protective for these neurons after nerve injury.day of testing, an unscented food morsel was buried to determine
J. Neurosci. 18, 3059–3072.whether the animals were using cues other than cherry odor to locate
Buj-Bello, A., Buchman, V.L., Horton, A., Rosenthal, A., and Davies,the food. Locomotor activity testing was performed as described
A.M. (1995). GDNF is an age-specific survival factor for sensory and(Bardgett et al., 1997, 1998) to measure breaks in beams of infrared
autonomic neurons. Neuron 15, 821–828.light over a 75 min period.
Buj-Bello, A., Adu, J., Pinon, L.G., Horton, A., Thompson, J., Rosen-
thal, A., Chinchetru, M., Buchman, V.L., and Davies, A.M. (1997).Cranial Nerve III Analysis
Neurturin responsiveness requires a GPI-linked receptor and theAdult wild-type and Neurturin-deficient mice were perfused with 2%
Ret receptor tyrosine kinase. Nature 387, 721–724.paraformaldehyde/2% glutaraldehyde in phosphate-buffered saline

(pH 7.4). Animals were postfixed overnight, then washed thoroughly Cacalano, G., Farinas, I., Wang, L.-C., Hagler, K., Forgie, A., Moore,
with PBS. The right oculomotor nerve was removed, washed in PBS, M., Armanini, M., Phillips, H., Ryan, A.M., Reichardt, L.F., Hynes,
fixed in 2% osmium tetroxide, and embedded in Epon 812 (Electron M., Davies, A., and Rosenthal, A. (1998). GFRa1 is an essential
Microscopy Sciences). The nerves were sectioned at 1 mm on a receptor component for GDNF in the developing nervous system
Reichert Ultracut E ultramicrotome and stained with toluidine blue. and kidney. Neuron 21, 53–62.
Sections were photographed at 10003, and images were recon- Camilleri, M., and Fealey, R.D. (1990). Idiopathic autonomic denerva-
structed for digital image processing. Nerve cross-sectional area tion in eight patients presenting with functional gastrointestinal dis-
and axon number was determined using the Image Tool program. ease. A causal association? Dig. Dis. Sci. 35, 609–616.
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