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Necdin (NVdn) is one of a cluster of genes deleted in the
neurodevelopmental disorder Prader-Willi syndrome
(PWS). Ndn"™?5* mutant mice die shortly after birth
because of abnormal respiratory rhythmogenesis
generated by a key medullary nucleus, the pre-Botz-
inger complex (preBotC). Here, we address two fun-
damental issues relevant to its pathogenesis. First, we
performed a detailed anatomical study of the devel-
oping medulla to determine whether there were de-
fects within the preBo6tC or synaptic inputs that reg-
ulate respiratory rhythmogenesis. Second, in vitro
studies determined if the unstable respiratory rhythm
in Ndn*™**™ mice could be normalized by neuro-
modulators. Anatomical defects in Ndn"™?** mice in-
cluded defasciculation and irregular projections of
axonal tracts, aberrant neuronal migration, and a
major defect in the cytoarchitecture of the cuneate/
gracile nuclei, including dystrophic axons. Exoge-
nous application of neuromodulators alleviated the
long periods of slow respiratory rhythms and apnea,
but some instability of rhythmogenesis persisted. We
conclude that deficiencies in the neuromodulatory
drive necessary for preBotC function contribute to
respiratory dysfunction of Ndn"™**™ mice. These ab-
normalities are part of a more widespread deficit in
neuronal migration and the extension, arborization,
and fasciculation of axons during early stages of cen-
tral nervous system development that may account
for respiratory, sensory, motor, and behavioral prob-
lems associated with PWS. (Am J Pathol 2005,
167:175-191)

Prader-Willi syndrome (PWS) is a contiguous gene dele-
tion syndrome that occurs at a frequency of ~1:15,000

births. Symptoms are variable and include transient in-
fantile hypotonia, failure to thrive, hyperphagia leading to
severe obesity, somatosensory deficits, behavioral prob-
lems, and mild to moderate mental retardation.’? Further,
PWS is associated with respiratory instability in the new-
born period that is manifest as apneas and blunted
chemosensitivity.21°

The genetic defect in PWS patients (paternal deletions,
maternal disomy, or imprinting mutations) results in the
inactivation of paternally expressed genes on chromo-
some 15q11-g13."" To gain a better understanding of the
function of individual genes within the loci, mouse models
with a deficiency of paternal gene expression in the or-
thologous 7C chromosomal region have been generated.
This has included mice deficient in necdin, one of four
known protein-coding genes that are deficient in
PWS. "' Three necdin-deficient mouse strains were in-
dependently generated with two of the strains demon-
strating neonatal lethality of variable penetrance.’®"”
Death of Ndn-null mouse pups occurred during the im-
mediate neonatal period because of severe hypoventila-
tion."®' The source of the respiratory dysfunction was
traced to abnormal respiratory neuronal activity within the
pre-Botzinger complex (preBotC), a key medullary struc-
ture responsible for respiratory rhythmogenesis.'® Here,
we extend on that study by addressing two fundamental
questions. First, are there anatomical abnormalities within
neuronal structures of the developing medulla and spinal
cord in Ndn"™2S" mice that could account for respiratory
and other central nervous system (CNS) related dysfunc-
tion? Second, is the abnormal breathing pattern in
Ndn™25" mice due to intrinsic defects within preBstC or
can it be accounted for by abnormalities of modulatory
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Table 1. Antibodies
Antigen Dilution Antibody Source References
Neurofilament-2H3 (NF) 1:2000 Monoclonal (mouse IgG) Dev. Studies Hybridoma Bank, lowa 20
Neurofilament 150 kd 1:2000 Polyclonal (rabbit) Chemicon, Temecula, CA 21, 22
Growth-associated protein 43 (GAP43) 1:2000 Monoclonal (mouse IgG) Sigma, St. Louis, MO 23
Vimentin 40E-C (VIM) 1:200  Monoclonal (mouse IgM) Dev. Studies Hybridoma Bank 24
Transiently expressed axonal glycoprotein 1:200  Monoclonal (mouse IgM) Dev. Studies Hybridoma Bank 20, 25
clone 4D7 (TAG1)
Substance P receptor (NK1R) 1:1000 Polyclonal (rabbit) Advanced Targeting Systems, 26, 27
San Diego, CA
Cell adhesion molecule L1 (L1) 1:200  Monoclonal (rat) Chemicon 20
Choline acetyl transferase (ChAT) 1:300  Polyclonal (goat) Chemicon 28
Substance P (SubP) 1:500 Monoclonal (rat) Chemicon 29
Serotonin (5HT) 1:1000 Goat Chemicon 30
Somatostatin (SST) 1:1000 Polyclonal (rabbit) Immunostar, Hudson, WI 31
Tyrosine hydroxylase (TH) 1:2000 Polyclonal (rabbit) Chemicon 22
neuronal inputs that regulate respiratory rhythmogen- Immunohistochemistry

esis? These data demonstrate abnormalities in respira-
tory related nuclei and further widespread developmental
anomalies that may account for other sensory, motor, and
behavioral deficits associated with PWS.

Materials and Methods
Mouse Breeding and Genotyping

Procedures for animal care were approved by the Animal
Welfare Committee at the University of Alberta. Nadn"™2S™
mice were bred through the maternal line with C57BL/6J
male mice. Male offspring carrying a maternally inherited
Ndn™™25" are phenotypically normal and were bred to
C57BL/6J females to produce experimental embryos and
offspring. In these litters, one-half of the mice are wild
type and one-half carry a paternally inherited necdin
deficiency and are functionally null. The timing of preg-
nancies was determined from the appearance of sperm
plugs in the breeding cages, and the embryonic age of
mice was confirmed by measuring crown-rump length. '
|dentification of mutant offspring was performed by his-
tochemical detection of B-galactosidase activity and by
polymerase chain reaction genotyping of snap-frozen tis-
sue with lacZ oligonucleotide primers (LACZ1942F, 5'GT-
GTCGTTGCTGCATAAACC; and LACZ2406R, 5'TCGT-
CTGCTCATCCATGACC).

Animal Handling for Anatomical Studies

Fetal mice were delivered from timed pregnant animals
anesthetized with halothane (1.5% delivered in 95% O,
and 5% CO,) and transcardially perfused with 4% para-
formaldehyde or 4% paraformaldehyde-2.5% glutaralde-
hyde in phosphate buffer at pH 7.2. Brainstems, spinal
cords, and diaphragms were dissected out and postfixed
in the same fixative solution; tissue was embedded in
agar and cut on a vibratome (VT1000S; Leica, Germany)
for single- and double-labeling immunohistochemistry.

To examine the detailed neuroanatomy of Ndn"™25

mice, we analyzed brainstem and spinal cord distribution
of several anatomical and neuronal markers (see Table 1
for antibodies used and their references,?°-3") from em-
bryonic day (E)10 to E18. Mutant and wild-type mice
within the same litter were processed together for com-
parisons. Transverse and sagittal sections (50 um) were
serially collected in phosphate-buffered saline (PBS) and
immunoreacted according to the following protocol. Free-
floating sections were incubated with 1.0% bovine serum
albumin (BSA; Sigma Chemical Co., St. Louis, MO) and
0.2 to 0.3% Triton X-100 in PBS for 60 minutes to reduce
nonspecific staining and to increase antibody penetra-
tion. Sections were incubated overnight with primary an-
tibodies diluted in PBS containing 0.1% BSA and 0.2 to
0.3% Triton X-100. The following day, sections were
washed in PBS and incubated with specific secondary
antibodies diluted in PBS and 0.1% BSA for 2 hours
(biotin-, Cy3-, Cy5- or Cy2-conjugated donkey anti-rab-
bit, donkey anti-goat, donkey anti-rat, donkey anti-mouse
IgG or donkey anti-mouse IgM; 1:200; all purchased from
Jackson ImmunoResearch, West Grove, PA). Sections
were further washed in PBS and those immunoreacted
with fluorescent-conjugated secondary antibodies were
mounted and coverslipped with Fluorsave mounting me-
dium (Calbiochem, La Jolla, CA). In some experiments,
sections were counterstained with Hoechst 33342 (Mo-
lecular Probes, Eugene, OR). When biotin-conjugated
secondary antibodies were used, sections were labeled
using a peroxidase method. After washes in PBS, sec-
tions were incubated with standard peroxidase-conju-
gated ABC kit (1:100; Vector Laboratories, Burlingame,
CA) for a further 2 hours. The reaction was detected with
0.08% diaminobenzidine (DAB) and 0.007% H,O in Tris-
HCI buffer. Adjacent sections were counterstained with
thionine (1%) to visualize tissue cytoarchitecture. DAB-
immunostained sections were analyzed with an Olympus
BX40 microscope and images were taken with a SPOT-
digital Microscope camera (Carsen, Markham, ON) con-
nected to a computer running Image-Pro-Plus software



(Media Cybernetics Inc., Silver Spring, MD). Acquired
images were exported in TIFF format, and brightness and
contrast adjusted in Adobe Photoshop 7.0.

Confocal Imaging

Immunostained sections were examined and processed
using a Zeiss100M microscope, LSM510 NLO laser, and
LSM510 software. For Cy2, Cy3, and Cy5 fluorescence,
excitation was set to 488, 543, and 633 nm and emissions
were collected with 505-, 560-, and 630-nm long-pass
filters, respectively. For Hoechst 33342 fluorescence, a
two-photon laser was used with the excitation set at 780
nm and emissions collected using a 390- to 465-nm band
pass filter. Thin sections and multiple sectioning acquisi-
tions along the z-plane were performed to obtain a suit-
able signal through the depth of the section. Acquired
images were then exported in JPEG format, and bright-
ness and contrast adjusted in Photoshop 7.0.

Volumetric Measurements and Cell Counts

Measurements of areas of motoneuronal pools, dorsal
fasciculus, and anterolateral funiculus were obtained
from confocal acquired images of serial sections of brain-
stem and spinal cord (E11 to E18). Surface area of vagus,
ambiguus, and hypoglossal nuclei was measured bilat-
erally for each section and an average area was calcu-
lated for each animal by means of LSM510 software. For
motoneuronal pools of E18 brainstems and cervical spi-
nal cords, a cell count was also performed and an aver-
age cell density determined for each pool. Varicosities
immunolabeled for serotonin, substance P, and tyrosine
hydroxylase and the dystrophic structures were analyzed
by means of LSM510 software and an average area of
the varicosities determined. Paired t-tests comparing
Ndn'™25" mice to wild-type littermates were applied to
determine statistical significance at P < 0.05.

Electron Microscopy

For electron microscopy immunohistochemistry, 50-um
free-floating sections were processed with pre-embed-
ding immunoperoxidase. Sections were permeabilized
by freeze-thawing at —80°C,*? rinsed in PBS, treated with
1% H,0, in PBS, and incubated with 1.0% BSA to mask
nonspecific absorption sites. Sections were incubated
with the primary anti-neurofilament (NF) antibody, biotin-
ylated secondary antibody (DAM), and ABC complex as
specified above. Peroxidase staining was obtained by
incubating the sections in 0.048% DAB, 0.024% CoCl,,
0.019% NAS, and 0.003% H,O, in 0.1 mol/L phosphate
buffer. All sections were extensively washed, osmicated
in 1% OsO, in 0.1 mol/L phosphate buffer for 20 minutes,
dehydrated in ethanol, and flat-embedded in TAAB812
Epon. Thin sections were counterstained with uranyl ac-
etate and lead citrate and examined using a Philips 410
transmission electron microscope.
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Brain Stem-Spinal Cord and Medullary Slice
Preparations

Fetal mice (E18) were decerebrated and the brain stem-
spinal cord with or without the ribcage and diaphragm
muscle attached was dissected following procedures
similar to those established previously.>3* The neuraxis
was continuously perfused at 27 = 1°C (perfusion rate, 5
mi/minute; chamber volume, 1.5 ml) with mock cerebral
spinal fluid that contained (mmol/L): 128 NaCl, 3.0 KCl,
1.5 CaCl,, 1.0 MgSO,, 24 NaHCQO,, 0.5 NaH,PO,, and 30
D-glucose equilibrated with 95% 0,-5% CO,. Details of
the medullary slice preparation have been previously
described.®® Briefly, the brain stem was sectioned seri-
ally using a Leica vibratome in the transverse plane start-
ing from the rostral medulla to within ~150 wm of the
rostral boundary of the preBo6tC, as judged by the ap-
pearance of the inferior olive. A single transverse slice
containing the preBotC and more caudal reticular forma-
tion regions was then cut (~500 um thick), transferred to
a recording chamber, and pinned down onto a Sylgard
elastomer.

Recording and Analysis

Recordings of hypoglossal (XIl) cranial nerve roots, cer-
vical (C4) ventral roots, and diaphragm EMG were made
with suction electrodes. Further, suction electrodes were
placed into XIl nuclei and the preBotC to record extra-
cellular neuronal population discharge from medullary
slice preparations. Signals were amplified, rectified, low-
passed filtered, and recorded on computer using analog-
digital converter (Digidata 1200; Axon Instruments) and
data acquisition software (Axoscope, Axon Instruments).

Results

Results were obtained from Ndn™25" and wild-type mice

to elucidate the 1) cytoarchitectural features of the me-
dulla and spinal cord at various embryonic developmen-
tal stages, 2) innervation pattern of the diaphragm mus-
cle, and 3) modulation of respiratory neuronal discharge
of in vitro preparations in response to exogenous appli-
cation of neurotransmitter receptor agonists.

General Cytoarchitectural Features in the
Medulla of Ndn™25™ Mice

Ndn'™25" mice weighed ~17% less than wild-type mice
on average (0.94 = 0.04 g, n = 12 versus 1.13 = 0.05 g,
n = 11). As shown in Figure 1, the general appearance of
the cytoarchitecture of Ndn™2%™ mice at different levels
of the medulla is similar to wild-type mice from the same
litters at E18. No significant differences in the location of
major nuclei were observed. However, on closer exami-
nation, it was apparent that clearly identifiable motoneu-
ronal nuclei in the brainstem including the nucleus am-
biguus (NA), dorsal motor nucleus of the vagus (X), and
hypoglossal nucleus (XII) were reduced in size. Statistical
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Figure 1. Cytoarchitectural abnormalities in the medulla of Ndn

mice. Transverse sections of the medulla stained with thionine from wild-type (A-D and

I-L) and Ndn'""#*" mice (E-H and M-P) at the level of the rostral ventral respiratory group (rVRG; A, D, E, H, I, M), the pre-Botzinger complex (preBotC; B,
F,J, K, N, O), the Botzinger complex (BotC; C-G), and the facial nucleus (VII; L, P). D, H: There are no major defects in the three subnuclei (A—C) of the caudal
region of the inferior olive (ioa, iob, ioc). Hypoglossal nucleus (XII; I, M), dorsal nucleus of the vagus nerve (X), compact and semicompact formations of the

nucleus ambiguus (NAc, NAsc; J, N) are smaller in Nedn"25"*
(iom, iop, iod) are less finely organized in Neln'"25"

mice in comparison to wild-type mice. L, P: Facial nucleus is similar in wild-type and Ndn'

mice in comparison to wild-type mice. K, O: Medial, principal, and dorsal nuclei of the inferior olive

m2S mice. Cu,

cuneate nucleus; Gr, gracile nucleus; Sol, solitary tract nucleus; Sp5, spinal trigeminal nucleus. Scale bars: 200 wm (A—C, E-G); 100 um (D, H-P).

analysis of the volumetric extension of the nuclei deter-
mined that the size of the nuclei is significantly different at
E18 between control and mutant animals (n = 4). Spe-
cifically, the average area of the hypoglossal, vagus, and
ambiguus nuclei at E18 were reduced by 66 = 6.6%,
20 £ 4.5%, and 32 = 3.3%, respectively, in mutant ver-
sus wild-type mice. We did not note any statistical differ-
ence in cell density in any of the nuclei. Further, the nuclei
were clearly smaller at ages E12 to E14, before the major
period of neuronal cell death.>®%” The medial, dorsal,
and principal subnuclei of the inferior olive were present,
but their general shape was less organized and delin-

eated in all of the Ndn™™25™ mice examined relative to the
wild type.

Immunostaining for NF in transverse sections of the
medulla at E18 revealed further abnormalities in
Ndn'™2S% mice (Figure 2). First, throughout the medulla,
the reticular formation had an irregular pattern. Cross
sections of rostrocaudally extending axonal bundles of
both sensory and motor pathways (eg, medial lemniscus
in Figure 2, D and G) were reduced in size. Further, the
axonal tracts were not as tightly fasciculated and the
characteristic latticework-like pattern present in wild-type
mice was disorganized. Contralateral fibers running in
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Figure 2. NK1R, NF, and vimentin expression in wild-type (B, D-F) and Ne/n'"#*"* mice (C, G-I) at E18. A: Schematic drawing of the medulla at the level of the
preBotC. The colored squares delineate different areas of the medulla shown in the panels. Red, B, C; yellow, D, G; green, E, H; blue, F, I. B and C: Vimentin

expression shows a clear disarrangement in the organization of the ventral midline (vml) in Nen'

M358 in comparison to wild-type mice. D and G: NF (green) and

NKIR (red) expression in the medial lemniscus (ml) lateral to vml. G: Note the reduced size and the defasciculation of axonal bundles through the ventral medulla

in Ndn'"*"* mice. E and H: At the level of the gracile (Gr) and cuneate (Cu) nuclei and funiculi, NF labels dystrophic structures in Nen
mice is shown by vimentin immunolabeling in the ventrolateral medulla. NAsc, nucleus ambiguus, semicompact

tm2Stw

Disarrangement of the radial glia in Ndn

m2ste mice, F and It

formation; preBotC, pre-Botzinger complex; sol, solitary tract. Scale bars: 100 um (B-D.

the medulla, internal arcuate fibers, and cervical nerve
roots, while present and positioned correctly were re-
duced in size and number.

In the dorsal medulla, NF labeling showed a reduced
size and an irregular distribution of fibers in the solitary
tract (Figure 2, E and H). The most striking feature ob-
served was at the level of the dorsal column where sen-
sory fibers in the cuneate and gracile nuclei were swollen
and enlarged. Similar staining was observed at the level
of the external cuneate nuclei and, to a minor extent, in
the spinal trigeminal nucleus and in the cerebellum (data
not shown).

We also examined the anatomical organization of ra-
dial glia in the developing medulla via immunolabeling for
vimentin.*® We were particularly interested in determining
whether the abnormal bundling of axonal tracts de-
scribed above could be related to disruptions in the
normal pattern of radial glia that provide the major scaf-
folding system for neurite extension in the developing
CNS.3° Although vimentin expression was evident in ra-
dial glia in Ndn"™2S" mice, the typically precisely orga-

nized pattern was misplaced and the neuronal exten-
sions were intermingled with the radial glia in a highly
disorganized manner throughout the medulla (Figure 2;
B, C, F, and 1). Along the midline, where fibers were
compact and highly organized in a dorsoventral pattern
in wild-type mice, the immunolabeling for both vimentin
(Figure 2, B and C) and neurokinin 1 receptor (NK1R)
(Figure 2, D and G) showed an irregular and less com-
pact organization of the midline in Nan"™2S" mice. Figure
2, F and I, further illustrate the abnormal organization of
the radial glia in the ventrolateral medulla.

Organization of Neuronal Subpopulations within
the Medulla of Ndn"2S"™ Mice

The lethal hypoventilation present in Nadn mice was
shown previously to be due to abnormal neuronal activity
within the preBotC, a major site of inspiratory rhythmo-
genesis within the medulla.’® NK1R expression has been
used as a marker for the preBotC in both adult and

tm2Stw
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Figure 3. Expression of NKI1R, ChAT, SubP, SST, and SHT in the ventral
medulla of wild-type (A, C, E, G, I, L) and Ndn"”"?*"* mice (B, D, F, H, J, K,
M, N) at E18. In each set of figures (from A to H), a yellow square in the
drawing indicates where the image was acquired. Sagittal (A, B) and trans-
verse (C, D) sections immunoreacted for ChAT (blue), NK1R (red), and SubP
(green) at the level of the preBotC show the reduced extension of the
nucleus ambiguus (NA) in Nedn""#"* mice. NK1R-immunopositive neurons
in the preBotC area are present in both wild-type and Ndn”2*" mice.
Transverse sections immunoreacted for SST (green) and SHT (red) at the
level of the preBotC (E, F) and the raphe pallidus (RP;G, H) show no gross
abnormalities in the SST-positive neurons at the level of the preBotC and in
the SHT-positive neurons of the caudal raphe nucleus. I-N: Details of
abnormalities within SubP (I-K)- and 5HT (L-N)-immunopositive fibers in
the preBotC region. Note the presence of enlarged varicosities in the irreg-
ularly oriented fibers. C, caudal; R, rostral. Scale bars: 200 wm (A, B); 50 um
(C, D); 100 wm (E-H); 10 pm (I-N).

perinatal animals.*°~*® Immunolabeling for NK1R in the
ventrolateral medulla showed no obvious differences be-
tween wild-type and Ndn'?S™ mice (Figure 3; A to D,
red). As shown in both sagittal and transverse sections,
there was a reduction in size and extension of the NA (as

already noted in thionine-stained sections in Figure 1),
but the cluster of neurons ventral to the caudal end of the
compact formation of the NA, the putative location of the
preBotC, appeared normal.

A further immunohistochemical marker for preBotC
neurons is somatostatin (SST,%"). The SST expression
was similar in both wild-type and Ndn*"#5" mice at the
level of the preBotC (Figure 3, E and F). Thus, collec-
tively, based on the current criteria for immunohistochem-
ical classification of the preBotC area, there were no
obvious anatomical abnormalities within this critical site
for inspiratory rhythmogenesis in Nan™?™ mice.

We then turned our attention toward examining the
organization of synaptic input from neuromodulatory sys-
tems that project to the preB6tC and regulate inspiratory
rhythmogenesis. Immunolabeling for substance P (SubP)
within the preBotC area was clearly present in both sag-
ittal (Figure 3, A and B, green) and transverse (Figure 3,
C and D, green; and | to K, red) sections. SubP-positive
fibers in the wild-type mice were fine and evenly distrib-
uted in the ventrolateral medulla (Figure 3; A, C, and 1)
with several synaptic boutons in the preBoétC areas. In
Ndn™™25™ mice, SubP-positive fibers were present, but
they were enlarged and irregularly oriented within the
ventrolateral medulla (Figure 3; B, D, J, and K).

Immunolabeling for serotonin (5HT) identified 5HT-
positive neurons of the raphe nuclei (magnus, pallidus,
and oralis) in the medulla and the pons. No major differ-
ences in the neuronal distribution or in the size of the
different nuclei were observed (Figure 3, G and H), al-
though 5HT-positive fibers within the ventrolateral me-
dulla were also swollen and enlarged in mutants (Figure
3, E and F, red; and L to N). To better characterize the
abnormalities in the distribution and morphology of SubP
and 5HT fibers, we measured the areas of varicosities.
The average area in control animals at E18 was 1.57 =
0.9 um? for 5HT fibers and 2.64 + 0.15 um? for SubP
fibers. In Ndn""?S" mice, the average area was signifi-
cantly increased to 3.14 = 0.14 um? for 5HT fibers and
3.28 + 0.32 um? for SubP fibers.

Noradrenergic neurons located within the pons and
medulla modulates the activity of the respiratory rhythm
generating center.“®~4° We analyzed the distribution of
immunoreactivity for tyrosine hydroxylase (TH), a marker
for adrenergic and noradrenergic neurons.®° The number
of neurons and positive fibers in A2 and C2 groups
(Figure 4, A and B), although slightly increased, were not
significantly different in Ndn""2S" and wild-type mice.
However, the distribution and appearance of TH-positive
neurons were clearly abnormal in other medullary re-
gions. The abnormalities included aberrant TH-positive
neurons located along the midline (C3 group), in the
ventral noradrenergic bundle (Figure 4; C to F) and in the
A1/C1 group in the ventrolateral medulla (Figure 4, G and
H). Cell counts of TH-positive neurons demonstrated sig-
nificant increases in A1/C1, ventral bundle, and C3/mid-
line populations of 42 + 9.5%, 133 * 2.4%, and 230 *+
32.7%, respectively, in mutant versus wild-type animals
(Figure 4K). Further, TH-positive fibers in several nuclei
and within the ventral noradrenergic bundle were en-
larged and dystrophic with some neurons having pro-
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Figure 4. Expression of TH in the medulla of wild-type (A, C, E, G, D and Ndn'"?*"** mice (B, D, F, H, J). A—F: No major differences in cell number at the level

of A2 noradrenergic and C2 adrenergic neurons are present between wild-type and Ndn!
in Ndn""*"*" mice. C-F: C3 adrenergic neurons in the dorsal midline of the medulla of Ned»n

m2St mice, although the TH-immunoreactive neuropil appears stronger

281 mice are more numerous that in wild-type mice. Note the

presence of several TH-immunopositive neurons along the dorsal midline (dml; D, F). C and D are taken at more caudal level than E and F. G and H: The A1/C1

noradrenergic group also contains a larger number of TH-positive neurons in Ndn!
mice, the noradrenergic bundle contains a higher number of cell bodies and fibers. K: Relative percentage

in the reticular formation of the medulla. In Nen™25"

of adrenergic and noradrenergic neurons in the medulla of wild-type (dotted bars) and Ndn

statistically significant (P < 0.05). Scale bars, 100 um (A=J).

cesses with a complex arborization (data not shown). The
abnormal morphology of TH-positive fibers located in the
ventral bundle was quantified by measuring their cross-
sectional area in both control and mutant animals. The
average size of TH-positive fibers in control mice was
2.09 + 0.10 wm?, whereas in the mutant mice the aver-
age size was significantly increased to 5.92 + 0.41 um?.
At more rostral levels, noradrenergic cell bodies in A5
group were more numerous and irregularly distributed
and the fibers running along the ventral bundle and the
contralateral fibers in the locus ceruleus were swollen,
irregular, and dystrophic (data not shown).

Abnormalities within Medullary Dorsal Column
Structures of Ndn"™2S" Mice

As shown in Figure 2, the most marked abnormalities
were observed at the level of the cuneate and gracile
nuclei. To further elucidate the nature of the abnormal
staining detected within those regions, double-labeling
experiments with antibodies against NF and the growth-
associated protein 43 (GAP43) (Figure 5; A to C) were

tm2Stw

mice in comparison to wild type. I and J: Ventral noradrenergic bundle

m25t mice (striped bars). Asterisks show differences that are

performed. There was no co-localization between NF and
GAP43 within the spheroids, although very clear double
labeling was present in adjacent fibers running in the
fasciculi and through the brainstem, suggesting that dys-
trophic structures are not present in the still extending
axons of the DRG neurons. These results suggest that
dystrophic structures start appearing in the developing
medulla after GAP43 is down-regulated and thus after
axonal extension is completed.

To determine the timing of spheroid formation, we an-
alyzed brainstem sections immunolabeled with NF during
earlier stages of development (Figure 5; D to F). Sphe-
roids were present as early as E15 and they were clearly
distinguishable from the growth cones of sensory affer-
ents (Figure 5E, arrows). In the putative area of the de-
veloping dorsal column, there were no NF-positive sphe-
roids at earlier stages of development (Figure 5F, E13)
and they progressively developed between E13 and E15.
The nature of the spheroids was further investigated by
means of specific neuroanatomical markers used to iden-
tify neuronal populations within the cuneate and gracile
nuclei.®"®2 Immunolabeling of sections from the dorsal
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Figure 5. Expression of NF (green, A—F) and GAP43 (red, A—C) in the dorsal column in Ndn'"25" mice during development. A—C: Sagittal section of E18 cuneate
nucleus (Cu) and fasciculus (cu). Note the lack of co-localization within the dystrophic structures in the dorsal column (asterisk) and the complete co-localization
in the tangential axons ventral to the Cu (arrow). D and E: Transverse section of Cu at E15 (E, detail from D). Dystrophic structures are present as early as E15
in Cu. Note that dystrophic structures (arrowheads) are larger than axonal growth cones (arrows). F: Transverse section of the putative area of the Cu at E13.
There is no evidence of dystrophic structures at this time of development. Scale bars, 50 um (A-F).

motor column with antibodies against the calcium-bind-
ing proteins parvalbumin (PV), calretinin (CR), and cal-
bindin 28 kd (CB) was performed (Figure 6). In wild-type
mice, PV immunoreactivity was present in cell bodies and
fibers within both gracile and cuneate nuclei (Figure 6B).
Intense fine and punctate staining (~5 um diameter) was
also present at the level of the vestibular nuclei and in
scattered immunopositive cells within the ventrolateral
medulla. In Ndn™2S™ mice, PV immunostaining was
present in a similar pattern, but, notably, the abnormal
structures immunolabeled with NF were immunopositive
for PV as well (Figure 6, E and F). Double-labeling exper-
iments with NF showed that the majority of NF aggregates
were also PV-positive (Figure 6J).

In both wild-type and Ndn™?5™ mice, CR and CB
immunoreactivity within the cuneate and gracile nuclei
was present in several cells and in some fibers, the
majority of which were small in size (Figure 6; C, D, G,
and H); CR labeling was present in small caliber fibers
and only occasionally in large NF-positive spheroids in
Ndn'™25" mice (Figure 6K). A few intensely CB-positive
spheroids were present at the dorsal surface of the nu-
cleus in Ndn"™25™ mice but they did not co-localize with
NF (Figure 6L). Further, transverse sections labeled for
NF and counterstained with Hoechst 33342 showed that,
where NF accumulation occurred, no sign of neuronal
degeneration was present and the abnormal staining

was not associated with degenerated neuronal nuclei
(Figure 6l).

A more detailed analysis of these spheroid structures
at the electron microscope (Figure 7) showed that NF
labeling was present in several small caliber axons that
had similar morphology in wild-type and Ndn"™S™ mice
(Figure 7, A and B). Intense immunolabeling was also
present in abnormal structures exclusively identified in
the Ndn"™25" mice. These structures were larger than
primary sensory afferents (5 to 10 uwm) and contained
several mitochondria that were swollen, dysmorphic, and
embedded in large vacuoles (Figure 7; D to G, arrow-
heads). These structures were rarely associated with syn-
aptic terminals (Figure 7G, asterisk).

Gracile and cuneate nuclei receive PV-positive primary
afferents from the dorsal root ganglia through gracile and
cuneate fasciculi and subsequently project to the thala-
mus and cortex through the medial lemniscus pathway to
process proprioceptive information. As previously shown
in Figure 2, the area of the medial lemniscus showed a
reduced density of longitudinal fibers through the me-
dulla. To further investigate the specificity of the defect in
this system, we analyzed NF immunoreactivity in the dor-
sal root ganglia and in the thalamus. There was disar-
rangement of fibers and the presence of few dystrophic
structures also in the dorsal root ganglia of Nan™2Stw
mice (data not shown). At the level of the thalamus,
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Figure 6. Calcium-binding proteins in the medullary dorsal column in E18 wild-type (A-D) and Ndn""2" mice (E-L). Immunolabeling for NF (A, E), PV (B, F),
CR (C, G), and CB (D, H) in the dorsal column. Double immunolabeling for NF/Hoechst 33342 (I), NF/PV (J), NF/CR (K), and NF/CB (L) in the cuneate nucleus
(Cuw) of Ndn""?5 mice. Dystrophic structures are identified by immunolabeling with NF and PV (J); they rarely express CB or CR (K, L). No Hoechst
33342-positive nuclei are present in the dystrophic structures. Gr, gracile nucleus; sol, solitary tract. Scale bars: 100 wm (A-H); 50 wm (J-L).

dystrophic structures were present in the mutants, not
only at the level of the ventral posterior thalamic nucleus,
where the majority of the proprioceptive pathway from the
cuneate and gracile nuclei project, but also in several
other thalamic nuclei. The cross-sectional area of the
dystrophic structures in Nan™25" mice was 16.06 +
0.32 um? compared to the normal cross-sectional area of
3.61 + 0.49 um? in wild-type animals. We did not perform
a systematic study of other CNS structures, but did note
similar defects within other brain structures in the vicinity
of the thalamus (ie, septum, stria medullaris, anterior
commissure, and dorsolateral geniculate nucleus).

Ontogeny of Medullary Cytoarchitecture in
Ndn™25™ Mice

To determine whether the abnormalities observed at E18
were due to a neurodegenerative process or a conse-
quence of abnormal cell migration and axonal extension,
we examined the expression of NF and GAP43 during
early stages of development in the brainstem (Figure 8).
At E14, NF-positive fibers and GAP43-positive growing
axons were reduced in size throughout the medulla in
Ndn™25" mice (data not shown). Longitudinal ascend-
ing and descending axon bundles were shrunk, disar-
ranged, and defasciculated as observed at later devel-
opmental stages. The defects were also apparent in
Ndn™25" mice at E10 (data not shown) and E11 (Figure
8). These results are consistent with necdin having a
critical role in axonal organization and fasciculation and

that its absence affects very early stages of neural de-
velopment at the level of the brainstem.

General Cytoarchitectural Features in the Spinal
Cord of Ndn""25™ Mice

To further assess the extent of anatomical abnormalities
within the developing CNS, we analyzed the main cyto-
architectural and anatomical features of the cervical spi-
nal cord from E10 to E18 in Ndn™25" mice. In the E18
cervical spinal cord, spheroids were evident in lamina Il
and Il and in the region ventral to the cuneate and gracile
fasciculi and a few dystrophic structures were present in
the ventral horn. The spheroids were similar to those
detected at the level of the dorsal column in the brain-
stem (Figure 9, A and B) and they were detectable as
early as E15 (Figure 9D). However, spheroids directly
within the cuneate and gracile fasciculi were very rare. At
E18, there was also a reduction in thickness of the an-
terolateral funiculus and the gracile and cuneate fasciculi
(Figures 9 and 10). This phenomenon was present at
earlier stages of development (E15 and E13) where NF-
positive funiculi were reduced in size in Nadn™25" mice in
comparison to wild-type mice (Figure 9, D and H, arrows)
and several irregular bundles in the laminae IV to VII of
the spinal cord were observed (Figure 9D). GAP43 im-
munolabeling showed a similar pattern of fiber distribu-
tion in Ndn™™25" mice; a reduced size of longitudinal
oriented funiculi (Figure 9F, arrow) and several immu-
nopositive bundles in the central laminae (Figure 9F).
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Figure 7. Ultrastructural analysis of the dorsal column in wild-type (A, C) and Ndn'”"#*" mice (B, D—G). In both wild-type and Ne/n'"#*" mice, small caliber axons

are immunopositive for NF (A—=C). In Nen'"25"

mice, NF immunolabeling is also present in enlarged fibers, in which there is accumulation of NFs, a large number

of mitochondria, and dark vesicles. Mitochondria are often swollen, dysmorphic, and embedded in large vacuoles (arrowheads). Note the presence of a synaptic
terminal in G (asterisk). d, dendrite; n, nucleus; p, perykarion. Scale bars: 2 um (A, B, E=G); 1 um (C); 5 um (D).

Further analysis on spinal cord structures was performed:
both anterolateral funiculus and the cuneate and gracile
fasciculi were analyzed and their areas measured at the
cervical level of spinal cord. At E18, there was a signifi-
cant reduction in size for both anterolateral funiculus
(838 £ 2.2%) and dorsal fasciculus (18 * 2.7%) in the
Ndn'™25 mice. We also obtained measurements of the
area of the anterolateral funiculus during development
and the reduction in this area was present at E13 (44 =
2.7%),E14 (41 £ 2.1%), and E15 (38 = 2.1%). The dorsal
fasciculus was reduced also at E15 (40 = 13.7%).
Figure 10 illustrates the organization of the developing
spinal cord at the early stages of development (E10 and
E11). To test the hypothesis that necdin deficiency could
affect axonal extension and fasciculation in the spinal
cord, we analyzed the development of commissural neu-
rons and their axonal extension in the cervical spinal

cord, a system that has been well studied and charac-
terized.®®°° Commissural neurons are generated in the
dorsal spinal cord and send projections ventrally toward
the floor plate. Subsequently they cross the midline and
run longitudinally to their final targets along the ventral
and lateral funiculi. This process is highly regulated by
several chemoattractant and chemorepellant cues pro-
duced by the floor plate that interact with their specific
receptors temporally expressed by the growth cone of
commissural neurons.®¢758 In their initial growth toward
the midline a subset of commissural axons express
TAG1%%; once the axons crossed the midline, TAG1 is
down-regulated and they start expressing high levels of
the adhesion molecule L1.2° We therefore analyzed this
subset of commissural axons during their extension pro-
cess. At E10, TAG1 antibody labeled dorsal commissural
neurons and commissural axons as they grew ventrally



Figure 8. GAP43 expression at different caudo-rostral level of the brainstem
in wild-type (A, B, E, F, I, J) and Nedn""?*" mice (C, D, G, H, K, L) at E11.
A-D: Caudal medulla at the level of the caudal inferior olive (io) domain and
hyoglossal nucleus and nerve root (XII, XIIn). B and C are details from A and
D, respectively. E-H: Rostral medulla at the rostral level of the inferior olive
domain. F and G are details from E and H, respectively. I-L: Rostral medulla,
K and L are details from I and J, respectively. Note the reduction in number
of GAP43-immunopositive axons through the brainstem in Nedn"”"#* mice.
Xn, vagus nerve root; np, neuroepithelium; sl, sulcus limitans; sol, solitary
tract. Scale bars: 200 um (A, D, E, H, I, L); 100 um (B, C, F, G, J, K).

toward the floor plate and as they crossed to the con-
tralateral side (Figure 10, A and C). GAP43 was up-
regulated at the level of the floor plate and the nerves
extending out from the spinal cord. No major differences
were detected between wild-type and Ndn"S™ mice
both at the level of the dorsal commissural neurons and
the floor plate (Figure 10, B and D).

At E11, NF antibody labeled the numerous axons and
cell bodies present in the spinal cord and the dorsal root
ganglia. The ventral and lateral funiculi were compact
and strongly immunoreactive for NF in wild-type animals.
In Ndn"™25" mice funiculi were thinner than in wild-type
mice and the extension of the lateral funiculi was reduced
toward the dorsal spinal cord (Figure 10, E and |, arrow).
At this stage of development, most of the commissural
axons have crossed the midline and the expression of
TAG1 was clearly down-regulated in both wild-type and
Ndn'™25" mice (Figure 10, F and J); GAP43 was strongly
expressed in the ventral and lateral funiculi in wild-type
mice (Figure 10G). L1, the adhesion molecule expressed
by commissural axons on crossing the midline,®® was
expressed along the ventral and lateral funiculi in wild-
type mice whereas both L1- and GAP43-immunopositive
fibers in Ndn™25" mice were reduced in the ventral
funiculus and almost absent at the dorsal level of the
lateral funiculus (Figure 10, K and L, arrows). These
results suggest that as early as E13 to E15 there are
major defects in the spinal cord within the longitudinally
oriented fibers of neurons generated at either rostral or
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Figure 9. Expression of NF (A-D, G, H) and GAP43 (E-F) in the cervical
spinal cord of wild-type (C, E, G) and Ndn'"?*"“ (A, B, D, F, H) mice. A and
B: NF expression in the dorsal horn of E18 Ndn'”*2*" mice shows dystrophic
structures in laminae II and III of the spinal cord (arrowheads). C-F: NF and
GAP43 expression in wild-type and Ndn'”?*"*” mice at E15. Note the reduc-
tion in size of the gracile and cuneate fasciculi in the dorsal spinal cord
(asterisks) and the limited extension of the lateral funiculus in Nedn!”2>5"*
mice (arrows). G and H: NF expression in dorsal horn of wild-type and
Ndn'"25"" mice at E13. Scale bars: 200 um (A, C-F); 100 um (B, G, H).

caudal locations of the CNS (mainly at the level of the
anterolateral funiculus) or at the level of DRGs (dorsal
fasciculus and anterolateral system).

Main Cytoarchitectural Features in Ndn""25™

Mouse Diaphragm

To determine whether the abnormalities present in sub-
sets of axonal bundles within the medulla and spinal cord
were also present peripherally, we compared the phrenic
branching pattern in wild-type and Nan"?" mice. The
intramuscular branching of the phrenic nerve within the
perinatal rodent diaphragm muscle is very regular with a
characteristic trifurcating pattern® and thus particularly
suitable for such analysis. As shown in Figure 11, NF
labeling shows the phrenic innervation in the diaphragm
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Figure 10. Expression of TAG1, GAP43, NF, and L1 in cervical spinal cord of wild-type (A, B, E-H) and Ndn'"?*"“ (C, D, I-L) mice at E10 (A-D) and E11 (E-L).
A, C, F, and J: TAG1 expression in cervical spinal cord at E10 and E11. A1, A2, and C1, C2 are details of commissural neurons and ventral midline from A and
C, respectively. B, D, G, and K: GAP43 expression in cervical spinal cord at E10 and E11. B1, B2, and D1, D2 are details of commissural neurons and ventral
midline from B and D, respectively. E and I: NF expression in cervical spinal cord at E11. Hand L: L1 expression in cervical spinal cord at E11. No major differences
between wild-type and Ndn'"#*" mice were identified by TAG1 and GAP43 immunolabeling at E10. At E11, TAG1 immunolabeling does not show any major
differences between wild-type and Nedn"#"* mice through the spinal cord; NF-, GAP43-, and L1-immunopositive axons are reduced in Ndn'”"Z*"” mice at the level
of the lateral funiculus (arrows). fp, floor plate; rp, roof plate; nr, nerve root. Scale bars: 200 wm (A-L); 50 um (A1-D2).

of wild-type and Nan"25" mice. The phrenic nerve suc- cle and the tightness of axon fasciculation (Figure 11, C

cessfully innervated the diaphragm in the Ndn"2S™ mice and D).

an EMG signal could be recorded from the diaphragm

muscle (shown in Figure 12). However, the orientation of

the secondary intramuscular branches in Nan"=" Electrophysiological Recordings of Respiratory

mouse diaphragms was clearly irregular in comparison to Rhythm Generated by Ndni™2S" Mice
the orderly pattern observed in the wild type. This in-
cluded abnormalities in the orientation and extent of axon The respiratory rhythm generated by in vitro preparations

tm2Stw

trajectories (Figure 11, A and B, asterisk) within the mus- isolated from Ndn mice is unstable (Figure 12).
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Figure 11. Diaphragm innervation of wild-type (A, C) and Ndn'™m2st (B, D) mice at E16. NF immunolabeling shows the reduced extension (asterisk in B) and
innervation of the phrenic nerve intramuscular branching within the diaphragm of mutant mice. There was no evidence of swollen axons or dystrophic structures

at phrenic nerve terminals. Scale bars: 2 mm (A, B); 200 wm (C, D).

There were prominent bouts of respiratory depression
and apneas during which the frequency of inspiratory
bursts was typically less than one per minute. The bouts
of suppressed respiratory rhythmic discharge (lasting
16 = 7 minutes, n = 13) were interspersed with periods
of inspiratory motor bursts close to frequencies observed
in wild-type preparations (lasting 7.5 = 3.4 minutes, n =
13). As shown by the long duration recording in Figure 12
(~2 hours), there was a clear periodicity to the fluctua-
tions between slow and fast rhythms that was prominent
in all brainstem-spinal cord preparations examined.

We tested the hypothesis that the respiratory rhythm
could be normalized in the presence of endogenously
applied neurotransmitter agonists (SubP and TRH)
known to excite neurons within the preBotC region.®'6?
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TN TR TR TR TV TIT o erevony
TP TTTTTE TSI T T P
YV VO O O O O A ™ v v T T AR T
R R R YT
| TR T T
B N | TR T
(1T T ST T N T T T
i B ) AL UL E

3(;5

Necdin mutant Mutant + TRH

o

30s

Figure 12. Effects of excitatory neuromodulators on respiratory rhythm gen-
erated by Ndn'"?*"* mouse brainstem-spinal cord preparations. Left: The
isolated brainstem-spinal cord-diaphragm in vitro preparation. Right: Recti-
fied and integrated suction electrode recordings of diaphragm EMG from
E18.5 Ndn“*"* mice in control solution (left) and in response to the
addition of SubP (1 um) and TRH (1 wm) to the bathing medium (right).
Both neuromodulators increased the overall frequency of respiratory rhythm
but the instabilities in the frequency remained.

As shown in Figure 12, addition of SubP (1 umol/L) and
TRH (1 pwmol/L) significantly modulated the rhythm gen-
erated by Ndn"25" mouse brainstem-spinal cord prep-
arations. The frequency of discharge during the previ-
ously slow periods was increased markedly and the
incidence of apneas diminished. However, the fluctua-
tions in respiratory frequency between slow and fast
rhythmogenesis persisted. The application of SubP (1
wmol/L) to medullary slice preparations had similar mod-
ulatory effects (data not shown). Further, exogenous ap-
plication of serotonin (25 wmol/L) or noradrenaline (3 to
30 pumol/L) resulted in the same excitatory response
(data not shown). Thus, we concluded that addition of
appropriate neuromodulatory drive to the preBotC region
could alleviate the long periods of slow respiratory
rhythms and apnea, however, the overall respiratory
rhythm instability persisted.

We also tested the actions of growth hormone due to
the fact that it is effective in alleviating apnea in PWS
infants.® The stimulatory effects of growth hormone ob-
served clinically are likely not due to direct stimulation of
the preBotC because endogenous application (1 to 15
nmol/L) did not affect respiratory frequency in either wild-
type or mutant in vitro preparations. Neither did insulin-
like growth factor-1 (10 to 40 nmol/L), an intermediate
effector of growth hormone action, have any noticeable
effect on respiratory neural discharge in vitro.

Discussion

Mouse models with selective gene deletions in chromo-
somal region 7C have been generated for analyses of the
pathogenesis underlying PWS. Despite some variability
in the phenotype among the different generated necdin-
null mouse models,’™ " correspondence with clinical
manifestations of PWS are present. The neuronal mech-
anisms underlying the defects in genetic models have
been elusive. Past studies using general histological
markers of brain sections revealed no obvious differ-
ences in necdin-null mice outside of a reduction of oxy-
tocin- and luteinizing hormone-releasing hormone-ex-
pressing neurons in the hypothalamus.'® In this study, we
performed a more detailed examination to determine
whether there were widespread developmental abnor-
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malities of CNS structure. Particular attention was initially
directed to the developing medulla due to its importance
in generating respiratory rhythm, an aspect that is se-
verely compromised in Ndn*™25" mice'® and which may
be of relevance to neonatal central apneas associated
with PWS. We extended the investigation to the spinal
cord, diaphragm, and sensory pathways to further eluci-
date the extent of the developmental anomalies.

Thionine staining and immunolabeling for NF demon-
strated anatomical abnormalities within the medulla. The
defects included defasciculation of axonal tracts, aber-
rant neurite processes, a reduced size of the some mo-
toneuronal pools (X, Xll, and NA), and most notably, a
major defect in the cytoarchitecture of the cuneate/grac-
ile nuclei and their fasciculi. Further, NF immunolabeling
demonstrated that the majority of axonal tracts within the
medulla were abnormal in Ndn™S" mice. Axonal bun-
dles were reduced in size, they appeared defasciculated
and distributed in an irregular pattern. The differences in
axonal patterning between wild-type and Nan™25" mice
were present from the time when the first axonal tracts
generated from postmitotic neurons migrated toward
their targets. Further, the reduction in the size of motor
nuclei appeared very early in development and thus
could not be explained simply by an increase in apopto-
sis. The presence of disarrangement of the radial glia
during the development of the brainstem may suggest a
larger role for necdin in axonal patterning and orientation.
Further studies will be necessary to address the relative
role and interactions between radial glia and extending
axons in Ndn™25" mice. Defects in axonal fasciculation
and extension were also present in a subset of spinal
neurons and within phrenic nerve intramuscular
branches. These results suggest that the anatomical de-
fects in Ndn"25" mice are more widespread than previ-
ously appreciated.

Respiratory-Related Defects within the Medulla

An area of particular interest within the medulla was the
preBotC, the putative site for rhythmogenesis of inspira-
tory drive.®® A detailed understanding of the cellular
mechanisms underlying rhythm and pattern generation
with the preBotC is a major focus of ongoing studies. To
date, there are data to support a pacemaker-network
hypothesis that states that the kernel for rhythm genera-
tion consists of a population of neurons with intrinsic
pacemaker properties that are embedded within, and
modulated by, a neuronal network.®4® The primary con-
ditioning excitatory drive that maintains the oscillatory
state arises from activation of glutaminergic recep-
tors.®%€7 Additional conditioning synaptic drive is pro-
vided by a diverse group of neuromodulators including
GABA, 5HT, TRH, noradrenaline, opioids, prostaglan-
dins, SubP, and acetylcholine.®®~7° Contrary to our initial
hypothesis, the gross structure of the preBotC was nor-
mal in Ndn'™25" mice, as shown by the presence of
NK1R- and SST-immunopositive neurons within the puta-
tive region of the preBotC. Rather, there were clear ana-
tomical abnormalities in surrounding medullary structures

that provide conditioning synaptic input to respiratory
rhythmogenic neurons. Several TH-immunopositive neu-
rons within the medulla were swollen and irregularly dis-
tributed in ectopic areas. Further, TH-immunopositive fi-
bers in the ventral bundles and in the ventral medulla
were enlarged. Abnormal morphology and orientation of
fibers within the ventrolateral medulla was also observed
within incoming axons labeled for SubP and 5HT. The
abnormal morphology of neuronal fibers expressing var-
ious neurotransmitters suggests that the absence of nec-
din determines a defect in the formation and the morphol-
ogy of axonal tracts and fibers within the medulla in
different neuronal phenotypes that regulate preBotC
function.

Brainstem-spinal cord and medullary slice prepara-
tions from Ndn'™2S™ mice showed irregular respiratory
activity associated with several periods of apneas and
respiratory depression. The frequency of the respiratory
rhythm could be increased and periods of apnea allevi-
ated by the administration of SubP, TRH, 5-HT, and nor-
adrenaline. However, the fluctuations in the respiratory
frequency continued in the Ndn™™2%" mice. Our interpre-
tation is that the endogenous application of neuromodu-
lators overcame much of the deficit resulting from the
abnormalities in medullary structures that normally pro-
vide conditioning drive to the preBotC. An abnormality in
the function of the preBotC per se remains, however. The
functional defect could reflect changes in neuronal prop-
erties or abnormalities in the preBotC network connectiv-
ity due to problems with axon guidance and fasciculation.

Defects within Gracile and Cuneate Nuclei

The most remarkable anatomical medullary defects in
Ndn™™25" mice were observed in the gracile and cuneate
nuclei. Enlarged, dystrophic structures, identified via NF
and PV immunolabeling, were abundant in the area.
There was no evidence of neuronal cell death or reactive
astrocytes in the dystrophic region. Rather, the dystro-
phic structures were similar in appearance to those pre-
viously reported for degenerating primary afferents.”®="4
Further, the dystrophic structures were similar to what
has been reported in association with defects in kinesin-
mediated axonal transport and outgrowth within the Dro-
sophila CNS.”®76 Similar phenomena have been previ-
ously identified in normal aging rodents”*’” and in the
early postnatal life of animal models for Niemann-Pick
disease”""® and for gracile axonal dystrophy.”® In those
models, degenerating primary afferent fibers are the con-
sequence of either a deficit in lipid storage metabolism”®
or abnormal transport and protein accumulation of amy-
loid B-protein and ubiquitin-positive deposits.®%8" Ultra-
structural analysis of the dorsal column via electron mi-
croscopy demonstrated that the abnormal structures
were packed with NF and mitochondria, some of which
had an abnormal morphology. The abnormalities de-
tected in the dorsal column may represent the initial steps
of axonal degeneration in the distal ends of primary as-
cending afferent axons or the consequence of an abnor-
mal axonal function that disrupts axonal outgrowth and



homeostasis. This hypothesis is supported by the fact
that dystrophic structures were consistently more evident
at the level of the medulla rather than along the dorsal
funiculi in the spinal cord and in the DRGs. Further stud-
ies will be necessary for clarifying the mechanism of this
phenomenon and the role that necdin plays. Given the
specific distribution of dystrophic structures and the dif-
ferences in size from other enlarged fibers immunoposi-
tive for SubP and 5HT in the ventrolateral medulla, we
also propose that these phenomena are different, even
though they are both determined by the absence of nec-
din during development.

Spinal Cord and Diaphragm Defects

An analysis of spinal cord development indicated that in
Ndn™25" mice most of the axonal tracts initially formed
normally. However, there were indications of abnormali-
ties in the dorsal column and in the anterolateral funicu-
lus. The reduced size of these axonal tracts and the
presence of dystrophic structures in the dorsal horn cor-
related with the defects observed in the upper structures
(gracile and cuneate nuclei and reticular formation) and
suggest a deficiency in the proper development of lon-
gitudinally projecting axons in the dorsal column and the
anterolateral funiculus. Further studies (eg, dye tracing)
will be necessary to clarify if specific tracts in the antero-
lateral funiculus are affected or if a more general defect is
present in these fibers. Further, anterograde dye tracing
could clarify if the reduced extension is proportionally
related to either a reduction in number of neurons that
send projections to different levels of the spinal cord or a
reduction in the number of fibers extending to the spinal
cord, or both.

Axons exiting the spinal cord within ventral roots ap-
peared grossly normal although motoneuron pools were
reduced in size (data not shown). Further, there were
clear abnormalities of the fine intramuscular branching
pattern of the phrenic nerve within the diaphragm mus-
cle. Previous preliminary data®? reported abnormalities in
the density and localization of acetylcholine receptors in
the diaphragm of Ndn™?5" mice. These subtle, yet sig-
nificant, abnormalities in the motor system may be asso-
ciated with the prominence of hypotonia in infants with
PWS.

Potential Mechanisms Underlying Pathogenesis

The functional roles of necdin, which is expressed widely
within the developing CNS, remain to be clearly delin-
eated. However, potential regulatory actions of necdin
have been derived from in vitro studies in which necdin
expression was induced in proliferative cell lines or
blocked by anti-sense oligonucleotides in cultured dorsal
root ganglion neurons.®3-8¢ Collectively, those data sug-
gest that necdin interacts with cytoplasmic and nuclear
proteins to control cell growth, proliferation, and apopto-
sis. More recent studies using heterologous expression
systems have demonstrated an interaction between
necdin and fasciculation and elongation (Fez) proteins
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implicated in centrosome-mediated cytoskeletal rear-
rangement after neuronal differentiation and in axonal
outgrowth.®” These data support a model whereby up-
regulation of necdin in postmitotic neurons stabilizes Fez
proteins to facilitate centrosome-mediated cytoskeletal
rearrangements required for axonal outgrowth and kine-
sin-mediated transport. The abnormalities in neuronal mi-
gration and the extension, arborization, and fasciculation
of axons during early stages of development reported
here in the detailed analysis of Ndn"™?*™ mice are con-
sistent with the hypothesized roles for necdin. However, it
is important to note that only certain axonal tracts and
neuronal populations are clearly affected whereas others
appear normal in the mouse model.

Relevance to PWS

Dysfunction of various hypothalamic systems, as evident
from histological examination of postmortem brain tissue,
may be the basis of a number of symptoms in PWS.%8
Other reported CNS deficits within PWS patients include
enlarged lateral ventricles, hypoplasia of the corpus cal-
losum, abnormal cortical development, and some irreg-
ularities in the structures of inferior olive, dentate nucleus,
and cerebellum.°~°" In light of the results from this cur-
rent study it will be important to perform more extensive
and detailed examinations of the CNS in PWS patients for
evidence of the types of more subtle defects demon-
strated in the necdin-null model. Axonal defasciculations,
abnormalities of neurite extension, and reduced numbers
of neurons within specific nuclei could be involved in
some of the cognitive, behavioral, somatosensory, and
respiratory deficits associated with PWS.
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