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Experimental Evidence on the Cerebral Origin of Muscle Spasticity in 
Acute Pol i om ye 1 i t  i s. * 

One of the coininon >!-niptoms of acute 
poIiom!.elitis i n  man and in experimental 
prim a tes is the mu scul a r rig id i t y , associated 
with hyper-reflesia. which often precedes 
flaccid paralysis. The considerable recent 
interest in this phenomenon has been asso- 
ciated with conflicting views as to its 
pathogenesis, its possible role in producing 
chronic deformities, and its appropriate treat- 
ment. Recent observations specifically di- 
rected a t  determining the characteristics and 
tlistribution of inu.;cle spasticity in  acute 
hunian polioniyelitis are in agreement with 
respect to the following points: 1. Muscle 
qmt ic i ty  in acute poliomyelitis is a reflex 
phenomenon associated with increased stretch 
reflexes.' ' 2 .  Spasticity in acute polio- 
myelitis has a widespread occurrence in the 
skeletal musculature. may be present in both 
flexors and extensors, and may occur in 
partly weakened muscles as well as in muscles 
of nor in a 1 s t r e n g t 11 2 .  .Ii Our observations in 
thc rhesus monkey are in agreement with 
these findings in human subjects, although 

in  some monkeys spasticity is not observed. 
This may result because of absence of the 
causes of this symptom, because of failure 
of detection, or because severe motoneuron 
paralysis occurs so quickly as to shorten 
greatlv the period of spasticity or to preclude 
its occurrence. In some monkeys preparalytic 
spasticity may be so severe that awkwardness 
oi cait and posture is apparent. and the re- 
sistance oi extremities to passive movement 
is claspknife in character. At this stage 
a fine tremor may be present. 

The fact that the lesions of paralytic 
poliomyelitis occur in a number of nervous 
centers concerned with muscle function in 
the brain as well as in the spinal cord, makes 
possible a variety of hypotheses regarding 
the pathological site of origin of this symp- 
tom. Added to the difficulty of analysis 
imposed by the widespread nature of lesions 
u~uallq- present in fatal human cases, is the 
fact that the symptom in question has usually 
disappeard by  the time death occurs. In  
Ppite oi these difficulties, it is most commonly 
assumed that the lesions which are responsi- 
ble for the symptom of spasticity are those 
i n  the region of the spinal cord which supplies 
the local reflex mechanism.:J~c;~Y~!' Others at- 
tribute the hyperirritability of the stretch 
reflex to possible irritation of the muscle, 
nerve, posterior roots, or meninges by the 
virus," or to lesions of sensory neurons in 
the posterior horns as well as in sensory 
gangfia.; None of our observations on 
pathological changes in many human or mon- 
Icey specimens has suggested to us that lesions 
in these locations are quantitatively sufficient 
to be of primary importance in producing 
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the generalized spasticity so common in acute 
poliomyelitis. I t  is finally obvious that the 
presence of lesions in the motor cortex and 
in brain stem centers which function to 
modify muscle activity, has occasionally sug- 
gested that these lesions are sources of inter- 
ference with inhibitory motor mechanisms. 

The difficulties of analysis of the pathogene- 
sis of spasticity in humans can be partly 
overcome in rhesus monkeys because of a 
fortunate circumstance. We have shown that 
in rhesus monkeys inoculated intranasally or 
intracerebrally, the progress down the brain 
stem of lesions produced by virus activity 
may occasionally be arrested spontaneously 
at  any point before reaching the spinal 
cord.10911 Such non-paralytic attacks of 
poliomyelitis in rhesus monkeys are not ac- 
companied, in our experience, by severe 
spastic phenomena, but as a rule the lesions 
in the brains of such animals are not severe. 
However, brain lesions may be very severe 
in some inoculated animals in the pre- 
paralytic period, when spasticity is the pre- 
dominant neurological symptom. I t  was 
thought possible that in some animals in this 
stage, virus activity or lesions might not 
have progressed as far as the spinal cord. 
With severe infections induced by most of 
the virus samples we have used, this is rarely 
true, since lesions are usually found to be 
present in both the lumbar and the cervical 
cord by the time that spasticity is well- 
marked.+ With the Lansing strain,12 how- 
ever, we have found that not only do the 
arms usually show paralysis first but, in 
addition, the onset of paralysis in the legs 
is often somewhat delayed as compared with 

10 Bodian, D., and Howe, H. A., Bull. Jobs 
Hopkilts Hosp., 1941, 69, 133. 

J 1  lZodian, D., and IIowe, H. A., Bull. Johns 
Itoykiirs Llosp., 1045, 76, 3 .  

t Six rlicsus nionkeys killed while st.,,wing gcn- 
eralizcd spasticity in tlic preparalytic period aftcr 
jnoculatioii with one of 3 virus strains recently 
isolated from humuns (Sut1ec.k; 1941 ; Riley, 1943 ; 
E’i.cdcrick, 1043) w1.c found to ham poliomyelitic 
lcsioiis in both ecrvival and  lumbar cord scgnicnts. 

12 Armstrong, C., Pub.  Health Bep.,  1939, 64, 
5302. 

other strains.+ Consequently, an attempt 
was made to kill certain animals inoculated 
intracerebrally with Lansing virus in the 
preparalytic period after definite spasticity 
had become manifest. I t  was found in 2 
cases that marked spasticity and hyper- 
reflexia were present in arms and legs before 
lesions or virus (in one case) could be dem- 
onstrated in the lumbo-sacral cord, although 
lesions and virus activity were present in 
the brain and cervical cord. An additional 
animal which had been inoculated with the 
Rockefeller MV strain in 1939 and had been 
killed in the preparalytic period for another 
purpose was subsequently found to show a 
similar pathological picture. 11 was thus ap- 
parent that lesions in the brain alone could 
produce the spasticity of acute poliomyelitis. 

The protocols of these animals are of suf- 
ficient importance to be presented here: 

Rhesus B474. This was an adolescent 
rhesus monkey in good condition. 

Nov. 7, 1945. Under nembutal anaesthesia 
a trephine hole was prepared over the cen- 
tral sulcus in the midline, and 0.4 cc of a 
10% rhesus spinal cord suspension containing 
the Lansing strain of virus was inoculated 
into each dorsal thalamus. 

Nov. 12. KO abnormal signs were noted. 
Yov. 13. The animal was observed to 

be very awkward and stiff in climbing and 
running. Extensors and flexors of arms alld 
legs were tense and abnormally resistant to 
passive movement. Deep reflexes of arms 
and legs were hyperactive. Head tremor was 
present. No weakness or difference in 
strength between opposite limbs could be 
detected by careful examination. 

$ This cui+ious strain cliaravteristic can bc illus- 
trated by the fact that 61 of tlic last 81 rliesus 
monkeys iiioculn ted intratlialanlically with Lansing 
virus in this 1:iborator-y were first paralyzed in 
one or 110th arms, wlicreas only 6 were first 
~ ~ : ~ r : i l y z d  in oiic or both kgs, and the remaining 
14 exliihited both arm and lcg wcakness 011 tlic 
first d:iy of paralysis. I n  coiitrast, only 17 of 
82 monkeys inoc~ulatcd similarly with onc of 6 otlicr 
strains isolated in this laboratory were first para- 
lyzed in oiie or both arms, 20 were first paralyzed 
in one or both legs, and 45 hud both arm and Icg 
wcaknesu on the first day of paralysis. 



172 CEREBRAL ORIGIN OF POLIOMYELITIC SPASTICITY 

Lkier  ether anaesthesia, the animal was 
perfused through the aorta with 10% formalin 
containing acetic acid. The brain and 
spinal cord were removed for histological 
study. Serial sections at  15 p were prepared 
of the cervical cord from C6 to T1 inclusive, 
and of the lumbocacral cord from L2 to S1 
inclusive. -ill sections of the above 8 lumbo- 
sacral segments were stained with gallocyanin 
and examined. 

Histopathological Findings. Sections of the 
ceri-ical cord contained typical early lesions 
of poliomyelitis, with moderate perivascular 
and diffuse leucocytic infiltration, and 
neuronal changes. Relatively few neurons 
were destroyed, but a considerable number 
showed various degrees of chromatolysis. The 
left anterior horn was almost free of lesions 
except in the lower part of C8 and the upper 
part of T1. -4ctual niotoneuron destruction 
on the right side was limited to segment C7, 
a1 though various degrees of chromatolysis 
were present in all cervical segments. An 
actual count of the anterior horn cells in 45 
sections taken at  intervals through the cervical 
enlargement showed the distribution of nor- 
mal and affected motoneurons seen in Table I. 

-4 quantitative study of the relationship of 
motoneuron destruction to muscle weakness, 
now in progress, indicates that the amount 
of motoneuron damage in the cervical cord 
was far below the level which produces 
clinically widen t weakness. 

All sections of the lumbosacral enlarge- 
ment (L2 to L7, and S l )  were examined. 
No lesions of poliomyelitis were detected. 

The brain was imbedded in celloidin and 
sectioned a t  60 p. Every 20th section was 
stained with gallocyanin and examined. A 

typical distribution of severe focal and diffuse 
infiltrative lesions and of neuronal destruc- 
tion was found. Severest lesions were ob- 
served in the motor cortex (areas 4 and 6 of 
Brodmann) , dorsal thalamus, fields of Forel, 
subs t an t ia nigra, superior colliculi, midbrain 
tegmentum, reticular formation of hindbrain, 
vestibular nuclei, and basal cerebellar nuclei. 
Xeuron destruction, however, was most 
marked in the reticular formation and in 
the large cells of the vestibular nuclei. 

Khcsus 959. This was an adolescent female, 
slender but active. 

March 17, 1939. Cnder ether anaesthesia 
a trephine hole was prepared over the right 
motor cortex and 0.2 cc of a 20% rhesus 
cord suspension containing the Rockefeller 
Institute M V  strain of virus was injected in 
the cortex of the leg re,’ nion. 

Rectal temperature had risen 
from a base-line of 102°F. on March 2 1  to 
105.2 O F .  KO muscular weakness was detected 
by observation of movements or by palpation. 
The right leg, however, was observed to be 
definitely more spastic than the left leg or 
arms, and the right knee jerk was more ac- 
tive than the left. Under ether anaesthesia, 
the animal was perfused through the aorta 
with 10% formalin containing 1% acetic 
acid. The brain and spinal cord were removed 
for histological study. Serial celloidin sec- 
tions at  30 and 60 p were prepared of the 
brain, and paraffin sections a t  15 p of the 
cervical and lumbar cord, and these were 
stained with gallocyanin. 

Histopathological Findings. Typical in- 
flammatory lesions were found a t  all levels 
of the cervical cord examined from C6 to 
T1. These lesions were very light, however, 

March 23. 
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TABLE ILii 
Subinoculation Tests of Suspensions of Anterior Quadrants of Spinal Cord Enlargements of 

Rhesus B430 (Preparalytie Poliompelitis) . 
Deaths or paralpses among inoculated animals 

/ 
\ 

Virus Dilution Rt. Cerrical Lt. Cerrical Rt. Lumh:ir Lt. Tlumbar 

10-1 11/16 7/8 0 / 8  0/8 
Mouse 10-1.S and 10-2 8/16 12/16 0/8 0/8 

0/8 Tests 10-2.5 and 10-3 4/14 4/14 
10-1 1/16 1 /16 

Monkey 
Tests 10-1 O i l  o/ 1 

;{: 0/8 

II The moust titrations mere part of a larger study of virus lewls in infwted monkcps being 
carried out in collaboration with Dr. Mary Cumberland. In this study it \vns found that 
intrncerebr:il inoculation in rhesus monkcys mas a more sensitire test for the prescncc of Lansing 
virus in monkey cord than wss mouse inoculation. The monkeys shown in this table were 
inoculated jntrathalamicallp and killed after three wecks. Sections of cord and brain were 
examined and found normal. Not enough material was avnilablc for additional monkey tests. 

and sparse a t  C8 and T1. Neuronal changes 
were found only on the right side in segment 
C7. These consisted mostly of various de- 
grees of chromatolysis with only about 4% 
of all cells on the left side destroyed. 

Complete serial sections of the lumbar cord 
segments L3 to L7, and S1, were stained and 
examined. No lesions of poliomyelitis were 
found. 

Every 20th section of the brain was stained 
and examined. A typical poliomyelitic dis- 
tribution of moderate to severe perivascular 
and focal infiltrative lesions and of neuronal 
destruction was found. A predominance of 
severe lesions was observed on the right side 
of the brain stem, especially in globus pal- 
lidus, subthalamic centers, midbrain teg- 
mentum, reticular formation, and vestibular 
nuclei. Lesions were not observed in the left 
cerebral cortex or thalamus. 

Summary of Rhesus 959. This animal was 
of interest in that the only preparalytic 
symptoms noted were fever, and spasticity 
and increased knee tendon reflex of the right 
leg. Lesions were absent in the lumbar cord, 
and in the left motor cortex, but were severe 
on the right side of the brain stem, especially 
in the globus pallidus, subthalamic centers, 
midbrain tegmentum, reticular formation, 
and vestibular nuclei. If cortical involve- 
ment had been responsible for spasticity of 
the right leg, lesions would have been ex- 
pected on the left side, but none were found 
there. The right-sided unilaterality of 
spasticity in this case is suggestively asso- 

ciated with ipsilateral predominance of lesions 
in the brain stem. 

Rhesus B430. This was an adolescent ani- 
mal in good condition. 

Aug. 30, 1945. Under nembutal anaesthesia 
a trephine hole was prepared over the central 
sulcus in the midline, and 0.4 cc of a 576 
rhesus cord suspension containing the Lansing 
strain of virus was inoculated into each dorsal 
thalamus. 

Sept. 4. Rectal temperature had risen to 
105°F. from a baseline of about 104". 

Sept. 5. The animal now was very awk- 
ward and stiff in running and climbing, and 
had marked head tremor. Palpation revealed 
that arms and legs were very strong, but 
very resistant to passive manipulation. A11 
muscle groups appeared to be tense, but es- 
pecially the forearm flexors and the ham- 
string muscles showed rigidity of the clasp- 
knife type. Tendon reflexes were exaggerated. 

Under ether anaesthesia, the animal was 
exsanguinated from the femoral arteries. 
With sterile precautions, the cervical and 
lumbar enlargements of the spinal cord were 
removed separately for virus assay. The ani- 
mal was then perfused through the aorta with 
10% formalin containing 1% acetic acid. 
The brain and remainder of the spinal cord 
were removed for histological study. 

Right and left 
anterior quadrants of cervical and lumbar en- 
largements were prepared separately as 10% 
aqueous suspensions. Subinoculations were 
done in mice and in rhesus monkeys, with 

Results of Virus Assays. 
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the results seen in Table 11. 
S eg m e n t s o f 

cord above and below the cervical block re- 
moved for virus, oi various thoracic levels, 
and of the upper lumbar cord were imbedded 
in paraffin. sectioned serially a t  15 p9 stained 
with gallocyanin. and examined. (’ord from 
(‘1 to C3 contained numeroiis lesions of 
poliomyeli tis, incl ud in? perivascular and d i f  - 
fuse leucocy tic infiltration. and chroniatolysis 
and phagocJ-tosis of nerve cells. Sections of 
cord at T2. T.3, ’r5, 1’9. I ‘ l l ,  T12, L1, and 
L2 were quite free of an!- lesions of 
poliomyelitis. 

The brain \\-as imbeclded i n  celloirlin and 
sectioned at 60 p. Every 20th section was 
stained with callocj-anin and examined. -4 
typical distribution of severe focal and dif- 
fuze infiltrative lesions and of neuronal tle- 
s t r 11 c t i on was f o 11 n d . S e 11 r on a 1 cle 5 t r u c t ion 
and inflammatory changes were particularly 
severe in the reticular formation, especially 
in the porn reyion. and i n  the vestibular 
nuclei. Severe changes were also present in 
the midbrain tegmentum, in  the fields of 
Forel, and in the substantia nigra. Lesions 
in the above-mentioned centers were roughly 
equal on both sides, but in the forebrain 
there was a predominance of lesions of moder- 
ate intensity in the left dorsal thalamus and 
in the left pre- and postcentral cortex. 
Lesions in the right thalamus and cortex were 
very few in number, and in fact absent in 
niost sections examined. 

The fail- 
ure to obtain virus from the lumbar enlarge- 
ment or to find lesions in the thoracic or 
upper lumbar cord, whereas both lesions and 
virus were present in  the cervical cord, is 
sufficient evidence that virus activity had not 
yet reached the lunibar cord in this animal. 

Discussio?z. The evidence cited in this re- 
port indicates that neither virus activity nor 
lesions in the spinal cord are necessary 
pathogenetic factors for the production of 
spasticity in acute poliomyelitis. The marked 
spasticity seen in the legs of the monkeys 
described, in the absence of pathological 
changes in the lumbosacral cord, must be 
attributed to the pathological changes pres- 
ent in the brain or cervical region of the 

H ist o par h olog i r  a1 F i rz dill ,qs . 

Sumnzar? of Experiment H430. 

spinal cord. Although the lesions in the 
cervical cord could have affected the long 
propriospinal neurons connecting with moto- 
neurons in the lumbar cord, this is doubtful 
since the lesions in the cervical region were 
quantitatively very mild. Severest damage 
i n  the brain in primate poliomyelitis including 
the greatest amount of nerve cell destruction 
most ofteii occurs in the reticular formation 
of the hindbrain and in the vestibular centers. 
These centers are connected with motoneurons 
of the spinal cord either directly or by way 
oi internuncial neurons, as is well known.’:’ 
Magou~i has made the interesting observation 
Ihat stimulation oi the bulbar reticular forma- 
tion can have a generalized inhibiting effect 
on motor activity induced reflexly or by 
hrain stem or cortical mechanisms.’“ and 
\\‘agley’” has recently introduced evidence 
for the production of spasticity in rhesus 
monkeys by reticulospinal tract section.11 
These findings suggest that it is the severe 
ksions in the reticular formation in acute 
poliomyelitis which may be a t  least in part 
responsible for generalized spasticity, because 
of destruction of many “inhibitory” neurons. 
It is also of interest that all of the animals 
described in this account had almost fully 
develcped pathological changes in the brain 
before limb paralysis was manifest. 

I____ -- - 

1:: I , l ( i ~ ( l .  1). 1’. ( I., , J .  .Yt / / ) . O / ) l t ! / . \ t O ! . .  1941. 4, 11s. 
14 11:1g[)1111, 1 1 .  \\-., Sctc I I C C ,  1944, 100, 349. 
1.; lV:~glcy~ 1’. F.. l ; u / / .  JohIis LlopX.ins JJosp . ,  

194.5. 7 5 ,  218. 
7 ‘Yliv c.cllls of o r i g i i i  of this tr:rct :ire the large 

tt(wroiis sc.:itterccl i n  the c.rntr:rI par t  of the 
r(~t ic .ul : i~ forni:itioii froni tlrr level of tlie superior 
c-trIIic.ulu> c.:i utlaln.:rr~l.l~; In a rltcww monkcy 
J I I Y I ~ I : ~  reel I3.v 1 )Y. H o w r d  A. I [ o w  rcncl surviving 8 
tl:iys :iftor lirniisrctioii of tlicl spinal cord a t  tlic 
first cervic:il sqpie i i t ,  I found extensive and  sc- 
v c w  ~ ~ h r o ~ i i ~ i t o l ~ s i s  in tlirse cvlls. The cliromatoly- 
sis u-xs bila ter:il but predominantly ipilatcml. 
It was c1stimatcd from counts made of every 
t\\-oiitictli scction of :I 3 0  cL scrips, tlmt the  number 
of wtku losp inn l  ncurotis on  c:icli side was of the 
clrdcr of 0 1 1 ~  i1ious:iiirl. It is likely tliat these 
c . 1 ~ 1 1 ~  arc  p i r t  of :i c z l i n i t i  of neuroiis which form 
; i t  1e:ist part of tliv rstrapyramidal ~ ~ a t l i w a y s  from 
niotor cortcs t o  spinal cord (see revicw of Hinesl?). 

16 PHPCZ, J. W., J .  Conap. N m r . ,  29%; 41, 365. 
17 Kincs, >I., Biol. Hm., 1943, 18, 1.  
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The fact that spasticity can be produced 
without lesions being present in the spinal 
cord does not preclude the possibility, sug- 
gested by Kabat and Knapp,8v9 that lesions 
in the internuncial neurons of the spinal cord 
can produce a similar effect under certain 
circumstances. As Lloyd1:’ emphasizes, cer- 
tain internuncial neurons in the cord are an 
integral part of the mechanism of reticulo- 
spinal and propriospinal action on the moto- 
neurons. Kabat and Knapp have introduced 
as evidence in this connection the inconclusive 
observation that most spinal cords from fatal 
human cases have lesions in the intermediate 
columns where the internuncial neurons pre- 
sumably are predominantly present, and that 
some cases have internuncial lesions with 
‘*relatively normal anterior horn cells.” Un- 
less serial sections of several segments at  
the involved level are examined, which was 
not implied, such a statement is necessarily 
inaccurate since lesions in the spinal cord 
may be quite spotty in character. For ex- 
ample, sections separated by only a milli- 
meter or less may show quite different de- 
grees of involvement of anterior, interme- 
diate, or posterior cell columns.1° It is there- 
fore obvious that only a quantitative study 
of the degree of neuron destruction in the 
spinal cord centers at  various levels, based 
on a detailed study of serial sections, and 
correlated with symptoms referable to af- 
fected levels in each case, can yield anything 
more than suggestive inferences in a problem 
of this kind. On the other hand, the evidence 
from preparalytic animals, as we have noted 
before,ls can at  times give a clear-cut answer 
on problems of pathogenesis because in such 
animals the pathological picture is in process 
of development and much less difficult of 
interpretation than that in fatal cases. The 
absence of lesions or detectable virus activity 

18 liodian, D.? and l iowe,  li. A., Brain,  1940, 
63, 135. 

in the lumbosacral cord in the preparalytic 
period of animals already showing spasticity 
of leg muscles, is an unusually good example 
of this. 

Summary. Evidence is presented which 
demonstrates that neither virus activity nor 
lesions in the spinal cord are necessary 
pathogenetic factors for the production of 
the spasticity of acute poliomyelitis. In 2 
rhesus monkeys inoculated intracerebrally 
with poliomyelitis virus and killed in the 
preparalytic period when marked spasticity 
was present in the muscles of the legs, as 
well as elsewhere, no lesions were present 
in complete serial sections of the lumbo- 
sacral cord. In an additional similar case 
it was also found that no virus was present 
in the lumbosacral cord. In  all cases severe 
lesions were already present in most of the 
brain centers usually involved, and neuronal 
destruction was especially severe in the mid- 
brain tegmentum, reticular formation of the 
hindbrain, and in the vestibular nuclei. I t  is 
concluded that lesions in the brain alone 
can produce the spasticity of acute polio- 
myelitis. The pathological origin of this 
symptom is discussed, and evidence cited for 
the possible causative role of lesions in brain 
stem centers, especially the reticular forma- 
tion.* 

$’ \Yliile tliis p:ti)er i n s  i n  prc’ss, Dr. Isabel Mar- 
gaii rcniiitcled tlie aiitlior that  Bodim and Kowcl9 
i i i  1940 (1). 152)  descr*ilwd two rclevniit rliesus 
inoiilceys killed in  tlic prepnralytic stagc following 
intr:isc.i:itic virus inoculation. When killed these 
;inini:ils lind gcnertclized prodromal muscle 
1 ciiseiicss, altliough lesions had riot progresscd 
imtrally bcyoiid tlie midbrain tcgmentum in one 
cnsc or tlre hypotlialamus in tlic other, so tha t  no 
cortic:il lesions were found. A rcsurvep of serial 
sections of tlie central nervous system of both of 
t h e w  c:ises showed tha t  lesioiis w r e  absent in 
vestibular nuclei, very light i n  the cervical cord, 
and very sevcrc in tlic reticular forniation of the  
pons region. 


