
Spectrum of Neuropathophysiology in Spinal Muscular Atrophy 
Type I

Brian N. Harding, MD, PhD1,2, Shingo Kariya, MD, PhD4,5, Umrao R. Monani, PhD4,5,6, 
Wendy K. Chung, MD, PhD7, Maryjane Benton, BSN2, Sabrina W. Yum, MD2,3, Gihan 
Tennekoon, MD2,3, and Richard S. Finkel, MD2,3,#

1Department of Pathology, The Children's Hospital of Philadelphia and the Perelman School of 
Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania

2Department of Pediatrics, The Children's Hospital of Philadelphia and the Perelman School of 
Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania

3Department of Neurology, The Children's Hospital of Philadelphia and the Perelman School of 
Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania

4Center for Motor Neuron Biology and Disease, Columbia University Medical Center, New York, 
New York.

5Department of Pathology & Cell Biology, Columbia University Medical Center, New York, New 
York.

6Department of Neurology, Columbia University Medical Center, New York, New York.

7Department of Pediatrics, Columbia University Medical Center, New York, New York.

Abstract

Neuropathological findings within the CNS and PNS in patients with spinal muscular atrophy type 

I (SMA-I) were examined in relation to genetic, clinical and electrophysiological features. Five 

infants representing the full clinical spectrum of SMAI were examined clinically for compound 

motor action potential amplitude and SMN2 gene copy number; morphologic analyses of 

postmortem CNS, neuromuscular junction and muscle tissue samples were performed and SMN 

protein was assessed in muscle samples. The 2 clinically most severely affected patients had a 

single copy of the SMN2 gene; in addition to anterior horn cells, dorsal root ganglia and thalamus, 

neuronal degeneration in them was widespread in cerebral cortex, basal ganglia, pigmented nuclei, 

brainstem and cerebellum. Two typical SMA-I patients and a milder case each had 2 copies of the 

SMN2 gene and more restricted neuropathological abnormalities. Maturation of acetylcholine 

receptor subunits was delayed and the neuromuscular junctions were abnormally formed in the 

SMA-1 patients. Thus, the neuropathological findings in human SMA-I are similar to many 

findings in animal models; factors other than SMN2 copy number modify disease severity. We 
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present a pathophysiologic model for SMA-I as a protein deficiency disease affecting a neuronal 

network with variable clinical thresholds. Because new treatment strategies improve survival of 

infants with SMA-I, a better understanding of these factors will guide future treatments.
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INTRODUCTION

Proximal recessively inherited spinal muscular atrophy ([SMA], OMIM #253300) is the 

most frequent lethal genetic disorder in infancy (1), with an estimated incidence of 1:11,000 

births (2). SMA is characterized by progressive degeneration of lower motor neurons in the 

spinal cord, which in severe cases extends to bulbar motor nuclei, and in which there is 

concomitant skeletal muscle atrophy (3). The degeneration results in a phase of plateau in 

motor development followed by progressive decline, and in the more severe cases, feeding 

and breathing difficulties that lead to premature demise (4). In addition to muscle weakness, 

fatigue in motor function has also been characterized clinically in SMA patients (5). Prior 

observations have supported the hypothesis that SMA is a motor neuronal disorder with 

developmental arrest (6, 7); this has been demonstrated in the zebra fish model of SMA (8). 

SMA is caused by abnormally low levels of the ubiquitous protein ‘survival of motor 

neuron’ (SMN), resulting from a combination of homozygous deletions or mutations of the 

telomeric copy of the SMN gene (SMN1) on chromosome 5q and the presence of 1 or more 

copies of SMN2 (9), an almost identical but partially functional centromeric copy, which is 

unique to humans (10). The difference between these 2 genes, a single nucleotide transition 

at exon 7, affects a splice site enhancer such that approximately 90% of transcripts of SMN2 

lack exon 7 (SMNΔ7), resulting in greatly reduced levels of normal SMN protein (11, 12). 

SMN1 mutations have been demonstrated in the 3 clinical forms of childhood onset SMA: 

acute early onset severe type I Werdnig-Hoffmann disease (SMA-I); chronic intermediate 

type II; and chronic mild type III or Kugelberg-Welander (13). SMA-I has been further 

subdivided into a connatal form (SMA-IA, also termed type zero [14]), onset by 3 months of 

age (SMA-IB), and onset after 3 months of age (SMA-IC) (15). A less severe disease 

phenotype is associated with increased SMN2 copy number (16), which is thought to arise 

by gene conversion rather than deletion (10). Unsurprisingly, these recent correlative studies 

evaluating the natural history of the disease alongside genetic data generally lack detailed 

corroborative neuropathology (17, 18). Indeed, much of our neuropathologic knowledge in 

this field predates the genetic era (19-21). Therefore, we have revisited the human 

neuropathology in selected cases of genetically characterized SMA type 1, covering the full 

clinical spectrum and including data regarding both SMN genes, to investigate further the 

relationship between SMN2 copy number and the severity of the morphologic phenotype. 

These observations and current animal model data are used to construct a model of the 

pathogenesis of SMA.
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MATERIALS AND METHODS

Five patients with SMA type I were treated at Children's Hospital of Philadelphia (CHOP) 

and evaluated by a neuromuscular physician (R.F., G.T.). Cases 1 and 2, with SMA-IA were 

seen only in the neonatal ICU. Cases 3, 4 (SMA-IB) and 5 (SMA-IC) were followed in the 

neuromuscular clinic and enrolled in an IRB-approved natural history study, in which each 

parent signed a consent form and clinical data and DNA were collected. Cases 3, 4 and 5 

were selected from among approximately 60 SMA-I patients seen in the clinic over a 10-

year span; they were selected for the range of clinical phenotype and for the availability of 

postmortem material for study.

Clinical evaluations were performed using the Children's Hospital of Philadelphia Infant 

Test of Neuromuscular Disorders (CHOP INTEND) motor scale, a 16-item scale with a 

maximum score of 64 (22). A physician or physical therapist administers these test items, 

which capture proximal and distal limb, neck and trunk motor function. Test items are 

observational or elicited; they are age and developmentally appropriate and they are scored 

for full, partial or no response. Typical SMA-I infants at the time of diagnosis achieve a 

score ranging from 17 to 36 points; no floor or ceiling effect is noted in typical SMA-I 

patients (22, 23). Electrophysiology studies of the distal ulnar compound motor action 

potential were performed (R.F., S.Y.) using the multipoint stimulation technique (24).

Upon death, the parents of each patient gave consent for an autopsy, which was performed at 

CHOP within 24 hours by a neuropathologist and pediatric pathologist. Cases 1, 2 and 5 

were examined prospectively at autopsy; their brains were cut and by microscopy by a 

single neuropathologist (B.H.), who in addition reviewed histologic sections of cases 3 and 

4, which were retrieved from the archives of the neuropathology department at The 

Children's Hospital of Philadelphia. In view of the lack of macroscopic abnormality of the 

brains at the time of cutting, tissue selection in these cases was extensive and systematic. 

This included frontal, temporal, parietal, and occipital cortex, hippocampus, basal ganglia, 

thalamus, brainstem and cerebellum, multiple levels of the spinal cord and, in cases 1, 2 and 

5, several dorsal root ganglia (DRG) at cervical, thoracic and lumbar levels. All sections 

were examined with hematoxylin and eosin; selected sections were stained with Klüver-

Barrera, and immunostained for glial fibrillary acidic protein, 1:400 (Dako, Carpinteria, CA, 

#M0761), phosphorylated neurofilament (NF-P, clone TA51, gift of Dr. J. Trojanowski, 

Hospital of University of Pennsylvania, PA), diluted 1:10, and ubiquitin (Dako, #Z0458), 

diluted 1:700.

A variety of skeletal muscles from these cases were examined in paraffin and frozen 

sections stained with hematoxylin and eosin, and by myosin immunocytochemistry for fiber 

typing, utilizing MHCf, MHCs, and MHCn all at 1:80 (Leica Microsystems, Bannockburn, 

IL, #NCL-MHCf, MHCs, MHCn). Ten-μm-thick frozen muscle sections were cut onto 

charged glass slides. Immunohistochemistry was done on the Leica Bond III Autostainer 

using the Bond Polymer Refine Detection System (Leica Microsystems). No antigen 

retrieval methods were used. The detection reagents include a horseradish peroxidase linked 

polymer, and 3, 3’ diaminobenzidine as chromogen. The sections were counterstained with 

Gill's hematoxylin.
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Muscle tissue was sent for detailed analysis (S.K., U.M.), where normal control tissue was 

also examined. SMN copy numbers were determined by a PCR-derived dose ratio of SMN2 

to a control gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as previously 

described (25).

Diaphragm muscle samples from control patients had the following characteristics: Control 

A17, age 5 months with Williams syndrome; Control A18, age 4 years with cerebellar 

degeneration but no motor neuron disease and no genetic diagnosis established; and Control 

A-23, age 20 years with cystic fibrosis.

Neuromuscular Junction Immunohistochemistry

To determine the size and the complexity of motor endplates and to establish the expression 

of the γ-acetylcholine receptor (AChR) isoform, frozen diaphragm tissue was immersed in 

ice-cold phosphate buffered saline (PBS) (15 minutes, 4°C), and then fixed in 4% 

paraformaldehyde (30 minutes, 4°C). The muscle fibers were then teased apart, incubated (2 

hours, 4°C) in blocking solution (3% bovine serum albumin, 1% Triton-X in PBS), and 

treated with a mouse monoclonal antibody against the human γ-AChR (Abcam, Cambridge, 

MA, Ab11151, 1:3000). To visualize the endplates, the muscle was incubated with an Alexa 

Fluor 488-conjugated goat anti-mouse IgG secondary antibody (Invitrogen, 1:1200) and 

rhodamine-conjugated α-bungarotoxin (Molecular Probes, Billerica, MA, 1:1000) and 

mounted in VectaShield (Vector Laboratories, Burlingame, CA). Confocal images were 

taken with a Leica TSC SP5 II fluorescent microscope. To estimate neuromuscular junction 

(NMJ) size, ≥50 endplates per sample were randomly selected, and images captured with a 

Nikon Eclipse 80i fluorescence microscope (Nikon). Endplate size was calculated using 

software from Diagnostic Instruments (Starling Heights, MI). To determine post-synaptic 

complexity, ≥200 endplates were examined for perforations, as previously described (6). To 

quantify levels of expression of the γ-AChR isoform, ≥200 individual endplates were 

imaged with the Nikon microscope and fluorescence intensity was measured in a 9-μm2 area 

overlying the endplates. The following criteria were used to classify the expression levels: 

negative = background level; weakly stained <2.5 X background level; and strongly stained 

>2.5 X background level.

Protein Extraction and Western blotting

Diaphragm and deltoid muscle tissue samples were homogenized in lysis buffer (50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5 mM DTT, 1 mM PMSF), 

supplemented with complete Proteinase Inhibitor Cocktail (Roche Diagnostics). Total 

protein concentration was determined using BCA Protein Assay Kit –Reducing Agent 

Compatible (Pierce, Thermo Scientific). Protein lysates (20 μg) were resolved on a 12.5% 

polyacrylamide gel and transferred to PVDF membrane Immobilion-P (Millipore 

Corporation, Billerica, MA). The membrane was probed sequentially, first with a mouse 

anti-mSMN antibody (1:5,000; BD Transduction Laboratories, San Jose, CA) followed by a 

peroxidase-conjugated anti-mouse IgG secondary antibody (1:10,000; Jackson 

Immunoresearch Laboratories, West Grove, PA), and after the image acquisition, with a 

rabbit anti-GAPDH antibody (1:5,000; Cell Signaling Technology, Beverly, MA) followed 

by a peroxidase-conjugated anti-rabbit IgG secondary antibody (1:20,000; Jackson 
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Immunoresearch Laboratories). Chemiluminescent signals were developed using Amersham 

ECL Plus Blotting Detection System (GE Healthcare) and detected using Amersham 

Hyperfilm ECL (GE Healthcare).

RESULTS

Clinical Data

Table 1 summarizes the clinical features of the 5 cases of SMA-I. Additional details are in 

the Supplemental Appendix. Cases 1 and 2 were unmeasurable on both the CHOP INTEND 

and ulnar compound muscle action potential. The CHOP INTEND scores were similar for 

cases 3, 4 and 5, but varied by age when the patients were tested (ages 4 to 44 months). The 

ulnar compound muscle action potential was considerably larger for case 5 than for cases 3 

and 4. Bladder retention in case 4 was unexplained during life.

Neuropathology

Gross examination of the spinal cord in all 5 cases showed a marked difference between the 

large white posterior roots and the much thinner anterior roots (Fig.1A, C). In case 5, the 

spinal cord had a very unusual finding: on reflecting the theca, it was noted that both left and 

right anterior nerve roots exited from the right side of the cord; caudal to this, there was a 

retroflexion such that the conus continued rostrad for several millimeters on the posterior 

aspect. Despite this, the lower roots and filum continued distally within the dural sheath 

(Fig. 1K).

Upon microscopic examination, there was extensive loss of anterior horn cells from all 

levels of the spinal cord in these 5 SMA-I cases, accompanied by ballooned chromatolytic 

neurons and gliosis (Fig.1D) (Table 2). Variable numbers of small neurons were present but 

empty neuronal beds were not prominent. Anterior roots were generally very small and often 

showed glial bundles between the small numbers of residual axons. In cases 1 and 2, 

Clarke's column was also affected. Degenerating neurons whether in the cord or elsewhere 

were swollen, eosinophilic, with dispersed or absent chromatin (Fig. 1D-J; Supplemental 

Fig. 1A, B), and often the nucleus displaced to the side and flattened or crescentic. 

Phosphorylated neurofilament was extensively upregulated in the cell bodies and proximal 

dendrites of many neurons (Supplemental Fig.1C). Neurons also showed positive 

immunoreactivity for ubiquitin in the form of granular deposits filling the cell soma or 

present at the periphery; there were no defined inclusions (Supplemental Fig.1D).

Numerous DRG (which were available for study only in cases 1, 2 and 5) demonstrated 

residual nodules of Nageotte indicating previous neuronal loss; additionally, ballooned 

chromatolytic sensory neurons were frequent in cases 1 and 2 (Fig. 1F). All 5 SMA-I cases 

also showed involvement of bulbar nuclei; there was subtle neuronal loss and gliosis in the 

lowest nuclei in case 5, chromatolysis in the XIIth nucleus in cases 3 and 4, but much more 

obvious changes in cases 1 and 2 where ballooned chromatolytic neurons were present in 

cranial nerve nuclei XII, X, VII, VI and III (Table 2).

Neuronal degeneration was also present in the thalamus of all 5 SMA-I cases (Fig.1E), but 

most severe in cases 1 and 2, involving the ventral nuclei and also reticular and both 
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geniculate nuclei; these demonstrated considerable neuronal loss and gliosis, with numerous 

chromatolytic neurons, axon spheroids and many neuronophagic figures. Similar changes, 

although confined to the ventral nuclei, were present in case 5. Milder findings in cases 3 

and 4, and only in the ventral nuclei, included neuronal loss gliosis and rare chromatolytic 

neurons.

In cases 1 and 2, the morphologic changes were particularly extensive, involving cuneate 

and medullary reticular formation, locus coeruleus (Fig. 1G: Supplemental Fig. 1A), pontine 

nuclei (Fig. 1H), and reticular formation, and substantia nigra, periaqueductal grey, red 

nucleus and cerebellar deep nuclei (Fig.1I), lentiform nucleus, and Meynert's nucleus. In 

case 1, chromatolytic ballooned neurons were present focally in layer V of the motor cortex 

(Fig. 1J), but were more widespread in case 2, notably in frontal, parietal and occipital 

cortex (Supplemental Fig.1B), and associated with neuronophagia

Other neuropathologic findings were very limited. In particular, there were no 

hypoxicischemic changes in cases 1, 2 or 3. Cases 4 and 5 showed focal Purkinje cell loss in 

the cerebellum, but only in case 5 was there evidence of acute neuronal damage; scattered 

shrunken neurons with eosinophilic cytoplasm and condensed nuclei were seen in thalamus, 

basal ganglia, temporal and frontal cortex and in the CA1 field of the hippocampus.

Neuromuscular Pathology and SMN Protein Expression

Various muscle groups were sampled postmortem in all 5 cases. In case 1, deltoid, 

intercostals, paraspinal and quadriceps muscle showed similar features: many rounded 

atrophic fibers of both fiber types neighboring groups of hypertrophic type 1 fibers (Fig.1B). 

The diaphragms were also affected but the fiber hypertrophy was more pronounced and 

atrophic fibers included angulated forms. In case 2, group atrophy was present to varying 

extent in quadriceps, intercostal, diaphragm, sternocleidomastoid, sternohyoid and 

temporalis muscles. In case 5, quadriceps, deltoid, triceps, biceps and gastrocnemius showed 

obvious neurogenic change of long standing, i.e. group atrophy and fiber type grouping, 

hypertrophic fibers with central nuclei and fiber splitting, as well extensive fibrosis and fatty 

infiltration that was particularly severe in gastrocnemius. There was evidence of fiber 

atrophy and fiber type grouping in the diaphragm. Similar findings were present in the psoas 

and deltoid of case 3 and the deltoid of case 4.

Considering the effects of reduced SMN on the nerve-muscle connections in an SMA mouse 

model (26), we examined the neuromuscular synapses of 1 of the patients (case 5) and 2 

controls (A17 and A18). Diaphragm was selected based on the relative ease with which 

neuromuscular synapses could be located in this muscle and because structural defects of the 

diaphragmatic synapses were observed in SMA model mice (27). Upon visualizing the 

motor endplates, we were struck by several observations. First, even though the SMA 

patient (10 years old) was more than twice as old as the older of the 2 controls (A18, 4 years 

old), his endplates were significantly smaller than those of the controls, suggesting an arrest 

or delay in NMJ development (Fig. 2A, B). In mice, reduced SMN profoundly impairs the 

maturation of the neuromuscular synapses (27). Therefore, we examined the complexity of 

the postsynapse. Based on the number of perforations in the endplates, the SMA NMJs were 

less elaborate than those of either control (Fig. 2C). Interestingly, we also found that a 
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greater proportion of the endplates in muscle of the older control (A18) had developed 

perforations vs. those of the younger control (A17), suggesting that post-synaptic 

complexity in humans increases between infancy and childhood. Finally, and consistent with 

the reduced structural complexity of the SMA NMJs, we found that they persisted in 

expressing the fetal (γ) isoform of the AChR. In contrast, the expression of this isoform had 

been largely extinguished at the NMJs of the 4-year-old control (A18) (Fig. 2A, D). Similar 

results have been reported in SMA model mice (27, 28) and in human fetal and infant 

studies (29). Interestingly, muscle from A17, the 5-month-old control continued to express 

the γ-AChR at a majority of the endplates, suggesting that in humans the switch from the 

fetal isoform to the adult isoform continues into postnatal life and is mostly complete by 4 

years age. This result in which the isoform of the AChR continues to be expressed 

postnatally concurs with that of a recent report (29), but contrasts with an older study in 

which it was suggested that the switch is completed during the last trimester of fetal 

development (30). Because SMA is caused by reduced levels of the SMN protein, we 

confirmed this by Western blot analysis of muscle tissue from patients 1, 3, 4 and 5 and 

control (A17) (Fig. 3).

DISCUSSION

These 5 cases represent the full clinical spectrum of SMA type I. Our morphologic findings 

in these examples confirm that the morphologic phenotype can extend beyond the bulbo-

spinal motor neurons. This was the prevailing view before the advent of genetic diagnosis 

(19). Since that time, there has been a scarcity of correlative pathologic as opposed to 

clinical studies in genetically proven cases (17, 18). While motor neuron degeneration is 

generally accepted, other additional pathologic features have been more controversial (31, 

32). The scientific focus since the discovery of the SMN1 and SMN2 genes in 1995 has been 

mainly on experimental data derived from mouse models of SMA that have been generated 

with morphological abnormality largely confined to the spinal anterior horn (26), 

interneurons (33), axon (34) and neuromuscular junction (27). Limited human 

neuropathology studies have focused largely on this same peripheral nervous system 

component (29. 35).

This at first sight appears surprising because many authors in the past have described 

neuronal ballooning, chromatolysis, degeneration and neuronophagia in the ventral thalamic 

nuclei in human SMA type I (19, 36). These changes were also present in all 5 of our 

genetically proven cases, regardless of severity of the phenotype or SMN2 copy number 

(Table 1). This finding indicates that thalamic involvement is a fundamental component of 

the neuropathology of SMA-I, albeit at a subclinical level. From a practical point of view, 

thalamic pathology can be a useful diagnostic indicator when the spinal cord is not available 

for postmortem study.

DRG have been more neglected. Their involvement in SMA is reported in the older 

literature (18, 32, 37), and is present in 3 of our cases in which DRG were sampled. There is 

some clinical evidence for sensory involvement in SMA-I, including reduced sensory nerve 

conduction velocity (38), inexcitability of motor and sensory nerves (39), and evidence for 

axonal degeneration in sural nerves (40). In mouse models, data for involvement of afferent 
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pathways are limited. Subtle morphologic defects have been demonstrated in cultures of 

sensory neurons from Smn−/−;SMN2 mice (41), despite a failure to demonstrate loss of 

sensory neurons from lumbar DRG at postnatal day 3-5, when the severely paralyzed mice 

are dying with motor deficits. Mentis et al demonstrated reduced proprioceptive reflexes and 

deafferentation of motor neurons in model mice early in the course of the disease (33).

Of particular interest is the very extensive cellular involvement in cases 1 and 2 in contrast 

to cases 3, 4 and 5 (Table 2). Intrauterine onset and early lethal course is associated with a 

widespread neurodegeneration not confined to the motor pathway. There are a few similar 

cases in the literature (19, 42, 43), although it has been suggested that these cases differ from 

classic SMA (31). Cases 1 and 2 argue against the latter view because similar neuronal 

degenerative features are present in spinobulbar motor neurons, DRG, thalamus, basal 

ganglia, pigmented nuclei and the motor cortex, and their characteristic neuronal changes, 

ballooning and chromatolysis, are quite distinct from acute hypoxic neuronal injury, which 

was only seen in our case 5. The apparent selective involvement of lower motor neurons in 

SMA is abrogated, although clinically the predominant features reflected motor neuron 

dysfunction. These infants had only a single copy of SMN2. Recent clinical studies confirm 

the especially severe phenotype of patients with only 1 copy of SMN2, i.e. prenatal onset, 

congenital fractures, respiratory distress from birth, brainstem involvement and short 

lifespan (17, 18). There is a single pathology report of SMA presenting with fetal 

hypokinesia sequence and circumstantial evidence for a single copy of the centromeric gene 

showing a similar very extensive neurodegeneration though not involving the cerebral cortex 

(44). No cardiac or vascular changes in the digits or ears were noted in this severe SMA-1 

patient. A fetal case report also had hypoplastic left heart maldevelopment (42).

One of the most intriguing problems in considering the pathogenesis of SMA is the selective 

vulnerability of certain cell populations. SMN functions as a housekeeping gene; knockouts 

in mice are embryonically lethal (45). SMN protein is ubiquitously expressed with high 

levels in spinal motor neurons; tissue levels of the protein are significantly reduced 

compared to controls in clinical studies of patients with SMA type I, less so in types II and 

III (46, 47), which hints at a dosage effect. But why is there much broader involvement of 

various cell types other than motor neurons in these rare severe early onset cases? SMN 

protein expression has been demonstrated to be widespread in the brain and spinal cord, 

including neocortical pyramidal cells, particularly in large pyramidal cells of layer V of the 

human prefrontal cortex (48). These authors hypothesize that there may be differential 

thresholds between different cell types, with spinal motor neurons the most sensitive to a 

reduction in SMN protein expression. Individuals with only 1 copy of the truncated SMN2 

gene have the lowest level of SMN protein compatible with survival, which may unmask the 

vulnerability of cell types with lesser quantitative requirements for the protein.

This threshold hypothesis accords with our present findings across 5 cases of SMA type 1, 

representing the full spectrum of clinical phenotypic severity. For the first time, our analysis 

allows direct comparison of the pathologic phenotype between cases with 1 or 2 copy 

numbers of SMN2, emphasizing both their similarities and differences. Such pathologic data 

are difficult to acquire but are essential to underscore the clinical studies and further our 

understanding of the pathogenesis of SMA.
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Why then is there such clinical diversity among patients with 2 copies of the SMN2 gene? 

There are several possible explanations from both human and animal data (49). Other genes 

may modify the phenotypic expression of SMA. The c.859G>C variant in exon 7 of the 

SMN2 gene increases the amount of full length transcript by an estimated 20%, is associated 

with a milder phenotype (50), and may be due to a founder effect (51). Plastin 3 may serve 

as a genetic modifier in females (52-54). Unbiased biomarker studies have identified a 

variety of factors that associate with disease severity and may lead to a better understanding 

of disease modifier pathways (55-57). SMN protein functions in the assembly of 

spliceosomal small nuclear ribonucloeproteins, critical to RNA splicing (58). SMN 

deficiency may affect correct pre-RNA processing of multiple genes, for example, altered 

splicing of the minor intron in the Stasimon gene in motor neurons and proprioceptive 

neurons in the SMA animal models (59, 60).

Incidentally noted at postmortem examination in case 5 was the peculiar folding to the 

terminal aspect of the spinal cord. This may account for the patient's history of bladder 

retention and severe constipation. To our knowledge, this finding has not been previously 

reported in SMA and could conceivably occur during growth as a result of uneven traction 

from the normal dorsal roots and the threadlike ventral roots at the conus level.

Species differences, however, may reflect the genetic background of the rodent model as 

opposed to the spontaneous human disease. There are no spontaneous animal mutants of 

SMA. The mouse ortholog Smn gene exists as a single copy (61). Consequently, mouse 

models have been constructed in transgenic animals by rescuing homozygous deletions with 

varying copies of cDNA fragments encoding the human SMN2 gene (26).

Limitations of this study include having a relatively small number of cases, not having a 

case with a SMN2 copy number of 3 for comparison, and not having all representative 

tissues from each case. Only one case explored the neuromuscular junction in detail and 

conclusions drawn from that single case need to be considered in that context.

Model of Pathogenesis in SMA Type 1

We have constructed a neuropathologic model of SMA-I based upon the observations 

presented here, data from the literature and recent observations in murine models of SMA 

(Fig. 4). This model illustrates how SMA can be considered as a network disorder. The 

primary, clinically relevant motor unit axis is noted in large boxes with clear fields, whereas 

secondary, sub-clinical neuropathologic sites in the cerebrum, brainstem and spinal cord and 

extra-neural sites are represented by smaller boxes with shaded fields.

The concept of SMA as a protein deficiency disorder, i.e. lack of sufficient SMN protein, 

explains the threshold principle of fundamental motor neuron involvement. This is explained 

in part by the number of copies of the SMN2 gene, as a major gene modifier. As 

demonstrated in our cases 3, 4 and 5, there must be other factors that affect the phenotypic 

severity. Extra-neural organ system compromise also needs to be considered when SMN 

protein is greatly reduced. These other observations, usually subclinical, may be of 

increasing importance as newer treatments prolong the patient's survival and allow disorder 

of other neuronal and extra-neural systems to surface. Such issues will need to be considered 
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in the design of clinical trials of SMA-I therapies and in the clinical assessment of these 

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Harding et al. Page 14

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Neuropathology of the brain and spinal cord. (A-F) Findings in all 5 cases. The anterior 

roots were very thin compared with the posterior roots (A, C). There was neurogenic 

atrophy of skeletal muscle with group atrophy and hypertrophy (B). There was degeneration 

(ballooning/chromatolysis) and loss of anterior horn cells at all levels of the spinal cord (D). 

Similar changes included neuronophagia identified in the thalamus (E), and degenerating 

neurons in dorsal root ganglia and residual nodules of Nageotte (F). (G-J) Unusual features 

in cases 1 and 5. In case 1 there was more widespread neuronal degeneration included: locus 

ceruleus (G), nuclei pontis (H), cerebellar dentate nucleus (I), and motor cortex (arrow = 

affected Betz cell) (J). (K) In case 4 when the spinal theca was reflected at postmortem, a 

retroverted sacral cord and anomalous course of the lowest anterior roots were observed. 

Panels B-J, hematoxylin and eosin. Original magnifications: B, D, F, J, x100; C, x10; E, H, 

x400; G, I, x200
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Figure 2. 
Impaired development of neuromuscular junctions (NMJs) in severe (type 1) spinal 

muscular atrophy (SMA). (A) Immunohistochemistry of NMJs in the diaphragm muscle 

from controls (A17, 5 months old; A18, 4 years old) and an SMA patient (case 5, 10 years 

old) depicting relatively small, non-perforated, acetylcholine receptor (AChR)-expressing 

endplates in the affected individual. While A17 continues to express the γ-AchR isoform, 

the endplates from this individual and A18 are relatively elaborately structured (perforated). 

(B) Quantification of endplate area in the 3 human samples. Cm (D) The complexity of the 

NMJs was assessed by quantifying the number of perforations (C) and the proportion of 

endplates expressing the γ-AchR isoform (D). Scale bar, 35 μm.
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Figure 3. 
Western blot analysis of muscle tissue from severe spinal muscular atrophy (SMA) patients 

and a control. Patients express reduced SMN protein vs. the loading control glyceraldehyde 

3-phosphate dehydrogenase (GAPDH).
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Figure 4. 
Pathophysiologic model of spinal muscular atrophy type I (SMA-I). Clinically relevant 

pathological findings are represented in larger boxes with clear background; pathologic 

findings without clear clinical correlates are represented in smaller boxes with a grey 

background. *Other: see text for other neurons involved.
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Table 1

Clinical and Genetic Features of 4 infants with SMA-I

Clinical and Genetic 
Features

Case 1 Case 2 Case 3 Case 4 Case 5

SMN1 mutation Homozygous deletion Homozygous deletion Homozygous deletion Homozygous deletion Homozygous deletion

SMN2 copy number 1 1 2 2 2

Clinical SMA-I subtype A A B B C

Gestational age (weeks) 39.5 40 37.5 40 38

Age at clinical onset Fetal Birth 2 mo 1 mo 4 mo

Age at diagnosis 8 d 4 d 5 mo 4 mo 7 mo

Age at death 18 d 7 wk 11.5 mo 6.5 mo 10 y

Initiation of feeding 
support

Birth Birth 7 mo 5 mo 4 mo

Initiation of respiratory 
support

Birth Birth
None

*
None

* 18 mo

CMAP, μV (age at 
testing) 0

#
 (5 d) 0

#
 (2 d)

271 (9 mo) 358 (4 mo) 760 (44 mo)

CHOP INTEND (age) 0 (7 d) 0 (1 d) 32 (9 mo) 32 (4 mo) 30 (44 mo)

Other clinical features Joint contractures Joint contractures Bladder retention

SMN, survival of motor neuron gene

CMAP, compound motor action potential of ulnar nerve; μV, negative peak amplitude; CHOP INTEND, Children's Hospital of Philadelphia Infant 
Test of Neuromuscular Disorders motor function scale.

#
no. of response elicited

*
never initiated (palliative care)
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Table 2

Neuropathological Findings

Cells/regions Case 1 Case 2 Case 3 Case 4 Case 5

Spinal cord anterior 
horn cells

Chromatolysis and 
neuron loss at all 
levels

Chromatolysis and 
neuron loss at all 
levels

Chromatolysis and neuron 
loss at all levels

Chromatolysis 
and neuron loss 
at all levels

Chromatolysis and 
neuron loss at all 
levels; perivascular 
inflammation in dorsal 
horn

Clarke's column Chromatolysis Chromatolysis Normal Normal Normal

Dorsal root ganglia Chromatolysis, 
nodules of Nageotte

Chromatolysis, 
nodules of Nageotte

Not examined Not examined Nodules of Nageotte

CN Chromatolysis in: 
CN XII, X, VII, VI, 
III

Chromatolysis in: 
CN XII, X, VII, VI, 
III

Chromatolysis in CN XII Chromatolysis 
in CN XII

Gliosis in CN XII, X

Thalamus Chromatolysis of 
ventral, reticular, 
lateral and medial 
geniculate nuclei; 
neuron loss, 
neuronophagia

Chromatolysis of 
ventral, reticular, 
lateral and medial 
geniculate nuclei, 
neuron loss

Chromatolysis, neuron loss Chromatolysis Chromatolysis, neuron 
loss throughout; 
degenerate neurons, 
neuronophagia, 
spheroids;

Cerebral cortex Chromatolysis in 
motor cortex, layer 
V pyramidal cells

Chromatolysis, 
neuronophagia in 
posterior frontal, 
parietal, occipital 
cortex layer V

Other: Chromatolysis in 
nuclei pontis, 
pontine reticular 
formation, locus 
coeruleus, red 
nucleus, substantia 
nigra, 
periaqueductal 
gray, cerebellar 
dentate and roof 
nuclei, Meynert's 
nucleus lentiform 
nucleus

Chromatolysis in 
lateral cuneate 
nucleus, lateral 
reticular nucleus of 
medulla, nuclei 
pontis, pontine 
reticular formation, 
locus coeruleus, red 
nucleus, substantia 
nigra, 
periaqueductal gray, 
cerebellar dentate 
nucleus, Meynert's 
nucleus, lentiform 
nucleus

CN, cranial never nuclei.
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