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The neurological problems connected \vith poliomyelitis 
are to a considerable extent stamped by neurocytology. By 
this statement I mean that the study of the internal structure 
of the nerve cells and of its changes is of pertinent importance 
to our  knowledge of the structural pathogenesis of this disease. 
Moreover, the changes produced by polioinyelitis imply some 
very interchting cyto-biological problems, which we are  now 
ahle to tackle by a considerably inore exact staining technique 
than previously (see Einarson 1917) .  Further, I do not think 
x e  ever can obtain a fuller understanding of the effect of the 
poliomyelitis virus without due attention to the internal 
structure of the nerve cells and its histochemistry, because 
here we are undouhtedly dealing with a very intiinate inter- 
action hetween thc component parts. 

1. ON T H E  NISSL SUBSTANCE AND T H E  CHAN(;HS IN 
H.-1SO€'HII,IA O F  THE NERVE CE1,I.S 

An extremely important structural element of nerve cells 
is the so-called Nissl substance, which appears in the cyto- 
~)lasni as strongly ltasophil, coarser or  finer fragments or  
granular particles. Their distribution is very characteristic 
of the main structural cell types, but within each type it is 
profoundly influenced hy the state of activity of the neuron. 
All motor cells, both in the spinal cord and in the entire brain 
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stem, which innervate striated musculature developed from 
the niyotoines and the branchial arches, possess the so-called 
somatochrome, stichochrome distribution of the Nissl sub- 
stance, and the anterior horn cells represent the prototype of 
this arrangement (see Einarson 1945).  The progressive- select- 
ive staining of the Nissl substance and chromatin with gallo- 
cyanin-chromalum produces a n  extremely clear and charac- 
teristic cellular picture ( the  Nissl picture, see fig. l ) ,  which 
is of fundamental importance in  neurocytology, since it furn- 
ishes the most delicate and accurate criterion for the estinia- 
tion of the state of neuronal activity as well as  of every devia- 
tion from the normal (Einarson, 1945; Einarson dz Lorentzen 
1946). 

During life the cytoplasm of the anterior horn cells must 
be regarded as a polyphasic colloidal system of a structure 
resembling a vesicular gel. Within it the Nissl substance 
constitutes an internal discontinous phase including several 
components of various degrees of viscosity; thus it is itself 
a complex colloidal state. The external continuous phase must 
also be of a complex nature, since it contains a t  least two 
components, one of a somewhat lower viscosity (neuroplasm) 
and another of a considerably higher viscosity (neurofibrillar 
substance). The fixatives essentially precipitate the colloidal 
state of the living nerve cells, and the pattern obtained is a 
fairly true stiffened or fixed picture of the polyphasic gel- 
system of the cells, as it was at  the moment of fixation (Einar- 
son 1935, 1945). 

Through a series of studies I arrived at  the result that the 
material from which the Nissl substance is elaborated is 
formed primarily round the nucleolus inside the nucleus, 
migrates towards the periphery of the nucleus, and then 
diffuses gradually through the nuclear membrane to  form 
Nissl bodies in the cytoplasm (Einarson 1933, p. 162) .  Ten 
years later this has  been confirmed hy H y d h  (1943) by the 
aid of ultraviolet microscopy and absorption measurements. 

I have also shown (Einarson 1932-1935) that  the Nissl 
substance contains a t  least three different components, nuclco- 
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proteins (chromatin substance), acid and hasic proteins re- 
spectively. The most iinportant result was expressed a s  

follows : “I‘lie nctiiiral conclrisiorz is fl int the  Nissl suhsinizce 
confnins some nuclein compounds,” (Einnrson 1935, p. 1 l i ) .  
\Vith this statement nothing was predicted a s  to the exact 
nature of the nuclein compounds in question, nor that  the 
nucleins of the Nissl suhstancc necessarily had to he cheniic- 
ally identical with those of the nucleus, in spite of their 
nuclear origin. My results were later confirmed by l ~ m d s t r i j i i i ,  
Caspersson & Wohlfart  ( 1941 ) aiid by HydPn (1943) .  who 
have shown that  the nuclcic acid of the Nissl substance is of 
the ribose type and thus iy different from that of the nuclear 
chromatin; this explains the negative Feulgen reaction of the 
Nissl substance. 

Further, I have shown that  the specific staining of nerve 
cells with gallocyaiiin-cliroiiialurii (Einarson 3932) depends 
on a stable chemical binding of the stain to tlie Nissl substance. 
especially to its nucleoprotein (Einnrson 1934). Continued 
studies on thc  theory of staining (Einnrson 1936, 1945; Einnr- 
son & Rentsen 1939; Einctrson & Lorenlren 1946) led to the 
conclusion (Einarson 1947, p. 1 3 )  that  the pure specific stain- 
ing of the Nissl suhstancc, the nuclear chromatin and the 
nucleolus is due to a chemical 1)itiding of the gallocyanin-lske- 
ion+ to the nucleic acids of the structures and most probably 
to their phosphoric acid g r o u p .  \\’hen tlie pH of tlie staining 
solution lies on the acid side of tlie isoelectric point of the 
structures the binding of the lake-ion+ to the nucleic acids is 
markedly specific; with a p H  lying on the basic side of the 
isoelectric point, the stain also becomes linked to the proteins 
of the structures. The form of the riucleic acid does not affect 
the staining, i.e. the reaction is positise for ribonucleic acid as 
well as  for desoxypentose nucleic acid (Eirinrson 1947).  These 
results haye now been confirmed and elaborated in some 
valuable papers by Lngersferl t  (1947, 1948). 

The consumption and resynthesis as  well as the histo- 
chemical composition and quantity of the Nissl substance 
varies greatly with the state of activity of tlie neuron. Eniph- 
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asis must  therefore be laid on the changes in the staining 
intensity of the cells as  evidenced by the occurrence of various 
degrees of chromophily and chromophoby (Einarson 1932- 
1937; Einarson & Ringsted 1938 etc.). I t  has  been definitely 
established that this variation in  the staining intensity depends 
directly on the inherent capacity to bind the stain, possessed 
by the living cell a t  the moment of fixation (see Einarson 
1945 : Einarson & Lorentzen, 1946). Since the gallocyanin- 
lake-ion+ becomes linked selectively to  the nucleic acids of the 
structural elements, the staining intensity gives a quantitative 
expression of their content of nucleic acid. Thus the degree 
of basophily of the different structures of the cell varies 
directly with their content of nucleic acid, and the staining 
can he used for its quantitative estimation on the basis of the 
principle of photometric determination, as  I have already 
pointed out several times (see Einarson 1947, p. 14) .  

Many years ago I showed (Einarson 1937, p. 12-13) that  
the stages of chromophily and chromophoby involve a shift 
in the isoelectric point of the Nissl substance (as  to the tech- 
nique and for further information see Einarson 1945 and 
Einarson & Lorentzen 1946). In extremely chromophil cells 
the isoelectric point lies approximately at  pH 1.9, while in 
extremely chromophobe cells i t  lies a t  p H  3.5. The maximum 
difference in the position of the isoelectric point thus corre- 
sponds to  an  electrotnotive force of approximately the same 
order of magnitude as the current of action. In  chromoneutral 
cells the isoelectric point lies approximately a t  pH 2.7. The 
various components of the Nissl substance possess different 
isoelectric points, and the shift mentioned is due to a change 
in the mutual quantitative ratio between these constituents, 
mainly between the quantity of polynucleotides on the one 
side and basic proteins on the other. 

A s  to  thk functional meaning of the various stages of 
chromophily and chromophoby I have, through a series of 
investigations since 1932 (for reference see Einarson 1945 and 
Einarson & Lorenizen 1946),  arrived a t  the following main 
conclusions : The chromoneutral condition represents cells 



a t  rest or in the usual state of gentle activity ( f h e  indiffereni 
phnse of acfiriity) ; slight chromophily (hyperchromasin) 
characterizes cells when their activity begins to increase 
(chromophily of initial act iv i ty)  ; while slight or  moderate 
chromophoby gradually becoming more marked characterizes 
of cells in increasing activity of longer duration (chromophohy 
of prolonged n c f i v i f y )  ; the intense chromophoby is an ex- 
pression of cells in  fatigue (chromophoby of  f a t i g u e ) ,  and 
extreme chromophoby characterizes cells in  exhaustion (chro- 
niophoby of exhnusfion; depression of fat igue) .  On the other 
hand extreme chroiiiophily characterizes either cells in a 
state of primary, active inhibition of prolonged duration 
(chromophily of inhibit ion),  or cells, whose activity has been 
lowered or abolished for some time (chroniophily o f  depressed 
ac t iv i ty ) .  

Extreme chromophoby may he produced by prolonged 
irritation, by experimental fatigue (see Einnrson & 1,orentzen 
1946),  by experimental acute anoxia (see Erik h'rogh 1945),  
as  the initial effect of vitamin E deficiency (Einnrson & King- 
stet1 1938) and by experimental insulin shock (Lorenfren,  un- 
published work)  ; in  human hrains and spinal cords it also 
occurs in various diseases and toxic conditions, and it may 
reach such a degree as to resemble closely the most intense 
phase of chromatolysis. I t  may proceed to total dissolution 
of the cell. 

Extreme chromophily may he produced experimentally by 
prolonged inhihition (Einarson 1933, 1945) .  by chronic sub- 
lethal anoxia (Morrison l946) ,  as the chronic effect of pro- 
tracted vitamin E dificiency ( E i m r s o n  & Ringsted 1938) and 
as the result of transneuronal degeneration (Einarson & 
LorentZen 1946);  it also occurs in  various toxic conditions 
and diseases e.g. amyotrophic lateral sclerosis and chronic 
poliomyelitis, and it may gradually proceed to an irreparable 
cellular atrophy. 

The classic example of chroniatolysis is the so-called retro- 
grade cellular change of Nissl which occurs after a lesion of 
the axis cylinder of the neuron (axon-reaction of the cell). 
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I t  is in fact a cellular reaction to the enormous demands for 
growth during the regeneration of the neuron. This regenera- 
tion from the condition of loss of substance involves a cons- 
iderable increase in the consumption and resynthesis of cyto- 
plasmic polynucleotides. Thus retrograde chromatolysis is a 
growth reaction, while chromophoby, due to prolonged hyper- 
activity, is a work reaction. Chroinatolysis also occurs as the 
result of direct injury to the cell, as in various degenerative, 
toxic and infectious processes, e.g. in  acute poliomyelitis; in 
such cases chromatolysis in an injury reaction (see Einnrson 
& Lorentzen 1946). 

Chromatolysis is in itself a reversible change, but i t  is not 
necessarily so. When restitution of the neuron does not take 
place, chromatolysis may either lead to  acute total dissolution 
of the cell, e. g. in severe cases of acute poliomyelitis, or it 
may gradually proceed to extreme chromophily and finally 
to  irreparable cellular atrophy, e.g. in chronic poliomyelitis 
(see below). 

All the anterior horn cells shown in the figures of this 
paper (Figs. 1-12) were stained with a solution of gallocyanin- 
chromaluni of pH 1.64 and photographed a t  a magnification 
of 600, under exactly identical conditions. 

11. ON THE CELLIJLAR CHANGES IN POLIOMYELITIS 

a )  Precursory remnrks. 

The changes involved in the  various phases of poliomyelitis 
largely illustrate the whole range of the most essential changes 
which the Nissl picture of the cells may display, and which 
may occur in other disorders or, as already mentioned, be 
produced experimentally in various ways. I t  is actually a 
question of structural stages in a general process of changes 
with which the cells respond to various noxious factors or 
experimental conditions. 

On the basis of numerous investigations i t  must  now be 
considered established that the cellular changes are  primarily 
due to a direct, selective action of the virus on the nerve cells, 



hfOTOR CELLS OF THE ANTERIOR HORKS 33 

and tha t  this is the real causative factor of the  actual polio- 
myelitic paralyses; thus  it is a question of :I markedly neuro- 
cytotropic virus. The  previously prevailing conception that  
the degeneration of the nerve cells was a secondary cons- 
equence of the  inflammatory process must  now be finally 
ahandoned ; a direct parallelism between the  degeneration of 
the neurons and the inf1amm:itory changes does not ne- 
cessarily exist neither with regard to their intensity, localiza- 
tion, o r  distribution, nor with regard to thc  time a t  which they 
occur . 

With the discovery of the selective neurotropism of the 
virus the study of the internal structure of the nerve cells 
and i ts  histochemistry has  become of far  greater theoretical 
interest and importance i n  the research on poliomyelitis than 
one was previously inclined to believe. As an example of the 
intimate interaction hetween the nerve cells and their struc- 
tural  condition on the  one hand and the polioinyelitis virus 
on the other, it is sufficient to  mention the interesting ohserva- 
tion made hy Howe & Rodian ( 1941) tha t  regenerating nerve 
cells show an increased resistance to  the destructive action of 
the virus, i.e. that  a nerse cell, which is in :i chromatolytic 
state hefore the onset of the infection, is, to a high degree, 
protected against the virus. 

h )  Acute  changes.  

Numerous works on the changes of the  anterior horn cells 
in polioinyelitis, based hoth on series of patients and on 
animal experiments, have been published, mainly on the acute 
changes and their rapid development. 

The acute changes of the  anterior horn cells a re  now well 
known, but by means of the selective staining reaction of the 
gallocyanin lake -it is now possible to estimate their nature  
and importance more exactly than was previously the case. 

They begin with swelling of the  cell hody and chromato- 
lysis with dissolution and diffuse disapj)ear:tnce of the Nissl 
liodies ( Figs. 2 anti 3 )  ; the site o f  the nucleus i n  the cell tnag 

3 Acta orthopaedica. vol. XIX, 1 
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become more or less eccentric, and the nuclear membrane 
often shows pronounced hasophily with nuclear caps (Fig. 3 ) .  
As early as 24 hours after the experimental infection the 
chromatolysis is often very distinct (Bodian, 1947) ; the same 
applies to patients who have died shortly or immediately after 
the onset of the meningeal reaction of the preparalytic stage. 
As soon as the climax of the initial chromatolysis is reached 
the impulse activity ceases, and there is paresis of the muscular 

F i g .  1.  
k r m a l ,  chromoneutral cell ; sctmatorhrom-stichochrclm pattern of the 

Nissl suhstance. 

fibres innervated by the affected neuron. In the typical severe 
cases the changes progress rapidly with marked vacuolar 
hreakdown of the cytoplasm and degenerative shrinkage and 
disappearance of the nucleus and nuclear membrane (Fig. 4). 
The contour of the cell assumes an  irregular ragged appear- 
ance, the cytoplasm hecomes structureless, frequently with 
relatively increased acidophily before it disappears altogether 
as a cell shadow (einfacher Schwund, Horanyi-Hechsf, 1935) 
or is destroyed hy neuronophages. It corresponds, clinically, 
to  the paralytic stage, with its rapid development of paralyses, 
which often reach their maximum after 24-48-120 hours. At 
the same time the inicroglia is mobilized, most frequently 
with occurrence of marked neuronophagia, which leaves be- 
hind more or less definite rnicroglial nodules round the 



severely degenerated cell remnants, or  in the place of the 
nerve cell which has coniplctely tlisa1)peared (Fig. 5 ) .  A s  
already mentioned, the nerve cell may also he dcqtroyed with- 

F i g .  2. 
Poliomyelitis; death almost 3 days after thc onsrt of  the  paralyses. 

hlod cra t e c h rom at 01 y s i s. 

F i g .  3. 
Same patient as in fig. 2. Very prcrnouiicctl chromatolysis, increased 
hasol>hilia o f  the nuclear rnernbranr. a n d  formation of nuelear caps; 

nucleus more o r  less cwentr ic .  

out any noteworthy neuronophagia. a t  most with increased 
satellitosis or  ~ ) s e u c l o n e u r o n o ~ ~ l i a ~ i a .  In all cases it is the 
priniarily damaged nerve cell that  is secondarily dissolved hy 
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the neuronophages : the primary degeneration of the nerve 
cell is a conditio sine qua non for the ensuing neuronophagia. 
Such changes are, of course, absolutely irreparable, and the 
patients who survive a n  acute stage resulting in such severe 
changes will of course be permanently disabled as far  as the 
affected neuromuscular units are  concerned. 

On the other hand, the initial chromatolysis (Figs. 2 and 
3 )  is a reversible condition, and the process need not necess- 
arily proceed to the acute, severe, cellular dissolution ment- 
ioned above (Figs. 4 and 5 ) .  Accordingly patients who survive 
the disease with such comparatively mild lesions may recover 
from their paralyses. Any physician who has treated polio- 
myelitis patients knows that i t  is by no means rare for a 
totally paralysed, and even considerably atrophied, muscle 
to recover its function, either completely or partially. A typical 
example of partial recovery in an experimentally infected 
monkey was described by Hurst (1929).  The acutely developed 
motor symptoms consisted of bilateral ptosis, paralysis of the 
right arm, and paresis of both legs. The animal was killed 
on the 35th day after the onset of symptoms, a t  which time 
a considerable partial restoration of function in the affected 
parts had occurred. Histologically there was a distinct de- 
generative loss of nerve cells in the areas of innervation of 
the muscles affected, while it was evident that  the remaining 
nerve cells had regenerated, and many of them had even be- 
come completely normal. I t  is, of course, impossible to say 
with certainty afterwards to what extent the preserved nerve 
cells had been affected, hut a t  any rate a certain reversibility 
was beyond doubt. Thus, a not inconsiderable chance of 
reversibility exists, and the reversibility of the changes of the 
nerve cells is an indispensable condition for subsequent train- 
ing and restoration of function of a totally paralysed muscle, 
This applies quite a1)art from the fact that when only some 
of the anterior horn cells of a muscle have degenerated ir- 
reparably or completely disappeared, while others are  fully 
preserved, it is possible to  train the unaffected muscule fibres 
to such an  extent that they can compensate the loss of the 



severely affected iieuroiiiusculnr units, if this loss is not too 
e Y t en s ivc . 

F i g .  4 .  
Poliomyelit i s ;  patient died from respiratory paralysis 5 days af te r  the 
onset o f  the paralytic stage, with severe paralj-ses i n  a l l  f o u r  extremities. 

Chromatoljs is ,  swel l ing and acrite vacuolar tlisstrluti~in of the cell. 

F i g .  5. 
Pol iomyelit is;  death a1)proximately 1 month after the unsct o f  paralysis. 
(ilia1 nodule a t  the site o f  a motor cell which h a s  entirely disappcarcd by 

acute disintegration anti neuronophagia. 

The cliromatolysis is a struclural expression of a radical 
change in lhe nucleic acid melabolism of l h e  neroe cell, and 
the dissolution of the Nissl substance is tantamount to a 
breakdown and disappearance of the nricleotides of the cel l .  
Using the staining technique employed here  the quantitative 
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diminution of the Nissl substance is a n  indicator of the deple- 
tion of the  nucleotides of the cell, for the gallocyanin-lake-ion 
is bound selectively to the nucleic acid component of the 
cellular structures, and the staining intensity gives a quanti- 
tative measures of the content of nucleic acid of the cell. T h e  
compact nucleolus, the intensely stained nuclear membrane 
with the accumulations of perinuclear substances and nuclear 
caps with a great content of nucleic acid are an  expression 
of the nuclear resynthesis of polynucleotides and the persisting 
tendency to regeneration of the cytoplasmic nucleotides and 
proteins of the cells. In poliomyelitis it is the virus and its 
multiplication in  the cell which produces the changes in  the 
nircleic acid metabolism with the quantitative reducfion in 
the content of nucleotides; the breakdown and depletion of 
the  nucleotides of the cell m a y  proceed to the point where 
total degeneration and death of the cell mus t  necessarily occur. 

The multiplication of the poliomyelitis virus must, a t  least 
to some extent, depend on an  increase in virus nucleoprotein, 
and it is possible that this increase takes place partly by a 
transformation of the nucleoproteins of the nerve cell. As 
far as I know we have so far no detailed knowledge of the 
relation between the growth and multiplication of the virus 
and the nucleic acid iiietabolisin of the nerve cell. 

During chrornatolysis the content of phosphatase in the 
cytoplasm is considerably increased simultaneously with the 
breakdown of the polynucleotides. I t  is possible that the 
phosphatase has a dissolving effect on the virus and thus 
counteracts its multiplication, i.e., that  there is an antagon- 
istic interaction between the phosphatase system of the cell 
and the virus, upon which the outcome of the acute phase 
depends, i.e., whether it results in the destruction of the cell 
or of the virus while the cell is still viable: in  the latter case 
it may be possible for the cell to regenerate. The fact that  a 
previously chromatolytic cell exhibits an increased resistance 
to the action of the virus (Howe & Bodian) may possibly be 
explained by the increased content of pkospbatase of the cell, 
which affects the penetration or the growth of the virus in 



the cell. \Vliether this is true or not must 1)e the subject of 
subsequent investigations. 

c ) Chronic. Chnnges. 

Alt l i~~ig l i  thc acute attack of the disease niey be limited to 
inilder lesions with the possibility of latcr regeneration o f  the 
nerve cells, the final outcome of the process is not necessarily 
determined, for during [lie regeneration, or immediately nf f e r ,  
the cell inny undergo n chronic, sloriily progressive change, 
sometimes ending in io ta l ly  irreparable rellrilnr otrophy. I t  
is particularly these chronic changes I have niadc the sub- 
jcct of my studies. 

A s  far a s  I can see from ;I review of the literature Schwnlbe 
(1!)02) was thc first to pay attention to the chronic stages of 
the disease and to subject the late changes to a more thorough 
and surveyable study. Apart from the total cellular dissolu- 
tion, which is invariably a consequence of the acute severe 
changes (Figs. 4 and 5 )  Schwnlhe classified the late cellular 
changes in the following main categories: 1 )  Pale cells with 
still visible nuclei or nuclear reinnants, indistinct or atrophied 
processes, and absence of the Nissl substance, 2 )  Shrunken, 
intensely stained cells, sometimes with granular cytoplasni, 
otherwise as  compact stained bodies, in which neither nuclei, 
nor processes are discernible, 3 )  Cells in all stages between thc 
categories mentioned and normal cells, generally localized in 
the pheriphery of thc lesion, 4 )  Cells which he described ah 
“calcified”. Furthennore, Schwalbe surveyed up to his own 
time the most important publications of histological exainina- 
tions of the spinal cord from poliomyelitis patients who had 
died either in the acute stage, or subsequently froin an  inter- 
current disease. In this connection we are especially interested 
i n  the cases with pronounced paralyses reported by Leyden, 
v .  Kahltlen, and Kawka .  On their cases autopsy was performed 
from 5 months to 1 7  years after the fiixt onset of paralyses, 
and the late changes described by Scliwalbe were strongly 
represented. 
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It is, of course, very difficult to estimate the exact value 
of these older investigations owing to the very varied tech- 
niques in  use a t  that time. A s  late as 1902 Nissl’s technique 
was not commonly used in the laboratories, and even Scliwalbe 
himself did not use it in his studies on poliomyelitis. In spite 
of their shortcomings the older investigations have shown 
that lasting pareses and muscular atrophies may be the con- 
sequences of chronic cellular changes, and need not necessarily 
he due to an acute loss and neuronophagia of the cells. 

A very important contribution to the study of the chronic, 
persistent histological changes in experimental poliomyelitis 
in monkeys has  been given by Warburg (1931) .  It is a study 
of the nervous system of 15 monkeys (macacus rhesus) with 
typical paralyses and atrophies. They lived for a period 
varying from 19 to  309 days after the first onset of symptoms. 
Warburg gives a detailed account of the changes in the con- 
nective tissue, vessels and glia in addition to the neuronal 
changes in the various regions of the nervous system. Here, 
however, we are  interested only in the changes of the nerve 
cells, particularly the anterior horn cells. In  9 monkeys which 
survived the disease for periods varying froin 40-84 days ( 7  
were killed and only 2 died of the disease) the numerical loss 
of anterior horn cells varied, both from case to case and 
within the various segmental regions of the same spinal cord; 
the majority of the cells was, however, as a rule present in 
the tissue, although changed to  a greater or lesser extent. The  
dominant cellular change was an intense hyperchromasia of 
both cytoplasm and nucleus with increased staining and di- 
stinctness of the dendrites. The Nissl substance could some- 
times he seen as granular particles or small flakes, but most 
frequently its pattern was not discernible in the compact, 
intensely stained, and occasionally spindle-shaped cell body. 
Warburg describes these cells as distinctly affected, but pro- 
bably still viable, and they correspond closely to the cellular 
change which I have designated as extreme chromopliily (Figs. 
8 and 9 ) ,  and they are closely related to, or even identical wi th 
the cells which Hurst described as “recoverable”. Furthermore, 



IVnrburg descr i lm other cells m it11 less intensely stained 
or  pale cytoplasm and occasionally with a hyperchromatic 
nucleus, as well as  cell\ which aplwar a s  extremely 1)ale cell 
skiado\+ s with irregular contours. ll’nrhnry i 4  decidedly of 
opinion tha t  these are cells ivhich liaue t ief init iuely succumbed 
lo t he  morb id  process, nntl  t h e y  nre ideiiticnl ruith r o h r r t  I 
Iiaue designaletl (IS progressive irrepnrnble cellulnr a t r o p h y  
(Figs.  10, 1 1  and 1 2 ) .  In  thc Iiionlteys which s u n  i \ed for 
periods Larying f r o m  242 to 309 days, and mhich were all 
killed, the tmo categories of cellular changes jus t  mentioned 
Lvere strongly rel)resented, but  the nu i i ih r  of pale cell shado\vs 
had hecornc relatively larger. I n  w ~ n c  places the  iiuinerical 
loss of  cell\  as soincwh:rt Inrgcr, whilc the pre\er\  ed cell\ 
only presented “few de\ iations from the normal other than 
sligh t distortions of contour :ind of the fibrillar network, 
\\ hich was sometimes knotted and cluniped” ( Wnrburg,  1931, 
1). 1210). I t  is :~lso noteworthy tha t  in contrn\t  to  the animal\  
which died early \vith acute selerc  change\ and loss of cells, 
these late-s~ar\ i l ing cascs with chronic ccllular changes sho\v- 
ed mostly simple satcllitosis and not :tctual neuronophagia. 
The same chronic changes were also o h e n  ed hy HorBnyi- 
Hechst (1935) in patients mho died 2 5  atid 30 days, respectile- 
ly, after the  first onset of the ~ ~ r a l y s e s ;  he did not enter into 
the details of the  l)robleni, hut just  designated thein as “fort- 
schreitendc N e n  cnzelldeSenerationen ini rlironischen Stadium 
dcr Poliomyelitis”. 

The  resulls of niy own examinations of material froin 
patients are in  coml)lete agreement with those of M’nrburg’s 
examinations of the  experimental material froin monkeys. I 
s h a 1 1 m ere 1 y a d  d tha t  t h c s t a i n in# with ga 1 1 oc ya n in -c 11 ro m a 1 u in 
allows of a much more exact estimation of the cellular change5 
than  the staining technique employed by IVcrrburg. In  the 
f i rs t  place, 1 want  to emphasize tha t  I have niade obser\ations 
which decidedly favour the  xiew tha t  the extreme cliromol)hily 
(Figs.  8 and 9 )  and the irreparable cellular atrophy (Fig\.  
10, 11, and 12) do not represent isolated, independent cellular 
changes, bu t  tha t  the chromophily gradually passcs into in- 
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creasing cellular atrophy which ends in the formation of cell 
shadows. The same applies to the initial chromatolysis (Figs. 
2 and 3 ) .  This also is not an isolated phenomenon, as there 
are  cell forms (Figs. 6 and 7) ,  which decidedly represent 
transitional stages froni chrornatolysis to extreme chroino- 
phily; it is thus possible to speak of a postchroinatolytic 
chromophily. In the stages shown in Figs. 7-10 the cell may, 

Fig .  6. 
Poliomyelitis; death 14 days after the onset of paralyses. Chromatolysis 

has culminated and the cells are on their way to chronic irreparable 
atrophy. 

however, undergo a diffuse fatty degeneration, which leads 
to irreparable cellular lipodystrophy in the same way as  in 
aiiiyotrophic lateral sclerosis and experimental vitamin E de- 
ficiency (see Einarson & Z,orenfren, 1946, 1). 62-63) .  Z f  the  
initial chromatolysis does not lead to acute, severe, cellular 
change with neuronopliagia and total cellular dissolution, or 
the cell does not regenerate completely in  the course of some 
months,  the chromatolysis m a y  change into a state of gradual- 
ly increasing chromophily, which m a y  become extremely in- 
fence,  and in which the cell appears as a very intensely stained, 
compact body, which then undergoes irreparable atrophy and 
ends as a more or less pale, atrophic, or structureless cell 
shadow, Thus it i s  here a question of stages in  a chronic 



progressiye cellular change (see Figs. 2-3 and 6-12) ,  the most 
characteristic structural feature of which is the varying stain- 
ing intensity o f  the cell, i.e., its yariable capacity of binding 
the gnllocyanin-lake-ion, which is tantamount to a quantita- 
tive change of the nucleic acid content of the cell. A f t e r  the 
initial vigorous breakdown of the  nucleolides of the cell, as 
evidenced b y  the chromalolysis,  an active resynthesis and 

Fig,  7. 
Poliomyelitis; death from intercurrent disease 40 days after the onset 
o f  rather mild paralyses showing marked tendency toward recovcry. 

1’ostchrornatc)lytie restitution, the cell is bccumiug decidedlg morc 
c h romo philic. 

gradual accuinulation o f  nucleotides take place in the cell,  the 
process, being manifested siructurally b y  the  increasing 
chromophily  ; t h e  nucleotides then again gradually diminish 
and at last disappear completely,  and the irreparable cellular 
atrophy is an expression of this stage. 

A s  far as these cellular changes are concerned, the question 
of their possible reversibility is of very great importance. It 
is a fact that the atrophic cell, the pale cell shadow, represents 
a stage of irreversible degeneration; it is a cell which has been 
finally destroyed, and this is also indicated by the designation 
irreparable cellular a f r o p h y  (Figs. 10, 11, and 1 2 ) .  However, 
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i t  is equally certain that the increasing intense chromophily 
represents stages which to a considerable extent are still 
reversible (Figs. 8 and 9 ) .  It cannot be determined a t  what 
stage the reversihility sets in, for we are as yet unable to 
draw a welldefined limit between extreme chromophily, cellu- 
lar sclerosis, and cellular atrophy. However, iiunierous ohserva- 
tions favour the view thnf the exfreine chromophily,  wliich is 

F i g .  8. 
Poliomxelitis; A )  Patient died 3 months after the onset of paralyses 
which were mostly moderate. 13) From another patient, wlio died 8 month 
after the onset of rather severe and widespread paralyses. The cells are 

in a still reversible state of extreme chromophily. 

always an expression of an accumulation of nucleotides in the 
cell, may persist f o r  a long time us a still reversible state of 
the cell, and in m y  opinion this is not without importance in 
the u f 1 e r t re n tine n t o f p o 1 ion1 ye 1 i t is . 

I t  must, of course, be realized that  extreme chromophily 
also plays a r61e in other morbid processes, such as spinal 
muscular atrophy arid amyotrophic lateral sclerosis, and here 
shows considerably less reversibility than in poliomyelitis. 
Chroniophily may also be produced experimentally, e.g. by 
prolonged reflex inhibition (Einarson, 1933), where it is al- 
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ways reversible ; hy chronic vitamin T.: deficiency (Einarson & 
Kingsfed, 1938), in which it is less reLersible; by chronic 
intermittent anoxia (Morrison, 1946; Erik I<rogh, 1918), whcrc 
the reversibility is considerable; and finally as a transneuronal 
cellular change (Einnrson & I,orentzen, 1816),  in which it is 
inore difficult to  appreciate thc tlegrce of reversibility. 'I'he 
reversihility of the chroinol~hily as  a structural  statc thus 

F i g .  9.  
Same patient as  in fig. 8 U. The most intense degree of extreme chromo- 
phily or cell sclerosis, a state possihly still  reversible, at  least the re11 

represented in .4). 

depends on the conditions under which it has arisen, and its 
tendency to develol) into cellular sclerosis, cellular lipodys- 
trophy, or  irreparable cellular atrophy vnrics accordingly. A s  
a ce 1 lu  lar r ea r I io n in p o  lioin ye 1 i 1 is 1 i i  e re iiers ib  il i 1 y of 111 e 
chroinopliily is, homecwr, no1 very unfanourable, arid e r t rpme  
cliroinophily always denotes  siippression or  l o s s  of pliysiolo-  
qirul inipiilse acf io i fy ,  n stmte of inhibition. 

When the cell enters the chronic state of' extreme chromo- 
phily, i t  me:tns that  the iml)ulse activity o f  the neuron is not 
initiated, and an  importnnt factor in the explanation o f  the 
cliromophilg must 1)c that  thc formation of' nucleotides con- 
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tinues in spite of the loss of impulse activity. This leads to an 
accumulation of these substances both in the perikaryon, the 
dendrites, and in the nucleus, as  the increased dissimilative 
phase of the nucleotide metabolism connected with the impulse 
activity has been abolished, and the consumption of nucleo- 
tides is thus greatly reduced, i.e., the production is larger than  
the consumption. The result is that the nucleic acid deriiiaiivas 

Fig .  10. 
A )  From the same patient as in fig. 8 B. and 9. R )  From a patient, wha 
died 11 months after the onset of the disease, with severe paralyses. 

Definitely irreversible cellular atrophy. 

so important to the impulse transmission and the inefabolisni 
of the neuron are not liberated in sufficient amounts, and that 
basophilic substance, f o r  which the gallocynnin-lake-ion has 
such a strong affinity, accumulates in the cell. By degrees the 
new formation of nucleotides will cease, the already accu- 
mulated substance will disappear, while the cell proceeds to 
irreparable cellular atrophy. This assumption is strongly sup- 
ported by the observation that  when a neuron neither emits 
nor receives impulses, its cell body gradually enters into a 
state of extreme chromoghily. 
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d . Discu.wion . 
My studies o f  the spinal cord from poliomyelitis patients 

who died after 1)eriods varying from some months to about 
3 years after the acute stage of the disease, have shown that  
not nearly a l l  the motor cells i n  the area of innervation of' 
the paretic or  atrophied muscles had disaplwared o r  heen 

F i g .  1 1 .  
Poliomyelit is;  patient died more than 2 gears after the onset of the  
disease, with widespread paralyws in the lower extremities. (:hronir, 

totally irreparalilcz rellular airophy. 

ah sol u t e l y i r r e pa r nb I y c h :i n ge d . A su rp ri s i ng l y I a rge nu 111 be r 
of cells was still present in a state of extreme chromophily. 
with the isoelectrical point of the Nissl substance lying belokv 
or around pH 2.0 (see Einnrson & Lorenfzcn ,  1946, p. 64 ) .  On 
the ba\is of our  exl)erimental studies it seems very plausible 
to conclude that functionally i t  is also here a question of 
cells. the impulse activity of which had Iwen totally aholished, 
but which might have 1)een nrtivated again hefore they pro- 
ceeded to irreparuble cellular atrophy. I n  my opinion a motor 
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cell of the anterior horns may remain for a very long time 
( u p  to 12-20 months) in such a torpid state of extreme chroino- 
phily without being irreparably changed, and without the 
trophic control of the axon ( the  peripheral nerve) suffering 
any observable damage. 

In inany of the chronic cases the cells have, of course, died 

F i g .  12. 
Same patient as in f ig .  1 1 .  Chronic irreparable cellular atrophy and cell 

shadows. 

or  disappeared o r  passed into an irreparablc state of atrophy, 
but it need not necessarily always he the case in spite of 
paralyses and muscular atrophies. Excellent results are now 
often achieved in orthopedic hospitals and sanatoria by physio- 
therapeutic treatment during the second stage of poliomyelitis, 
i.e., in the period between the acute stage and the occurence 
of irreparable damage, and here i t  is very important to secure 
active physical and psychological co-operation on the part 
of the patient. The results achieved in such institutions cannot 
exclusively be due to irrrining and compensatory hypertrophy 



of sucli muscular fibres,  whose  nren of innervation ( t h e  
anlerior horn c e l l s )  Iins escaped the acute breakdown,  but 
niusl ulso to an essential degree be due fo a reuersibility of 
nenronal changes.  In  this connection I want  to emphasize that  
in any training an  important part  is played by central-neuronal 
exercise or  adaptation, i.e., the overcoming or  lowering of 
synaptic resistances in the  central nervous system. In my 
opinion the good results achieved with the aid of modern 
active physiotherapy are  to  no slight degree due to  the circuni- 
stance 111 (1 t t h e s ys t e ni (1 1 ica 11 !J 1) rotiu c e:l p r o p  r io c'ep t ive ( s t r e t ch  
reflexes) and cerebrofugnl impulses wliicli impinge on the 
neurons of llie anterior horns will gradually release the motor  
cells from their torpid state of cliromophilg (inti t1iLi.v cigain 
evoke Iheir impu l se  clctivit{j. The synaptic resistance is over- 
cotne, the syna1)sc i s  re-canalized for the iinpulses impinging 
on the cell, and its own impulse actri ty is re-evoked. The 
ensuing increase of the d is s i in i 1 a ti ve 1) h :I s e in the n iic I eo ti d e 
metabolism involves :I consumption of the accumulated suh- 
stances, and the state of intense chrotnophily is gradually 
atiolished: concomitant with this process the demands for 
resynthesis of the cytoplasinic nucleotides increase. In other 
words, 0.9 soon cis t h e  inipulse rrrtiuity of the neuron is re- 
cs t n b 1 isli etl, i ts  11 ii cl eo t id e in e ta bo 1 is i n  is  n c t ivri 1 ed .  Th us the 
neuromuscular units whose anterior horn cells viere extremely 
chromophilic. have a chance of recovery, while those whose 
cells were irreparably changed or  have completely disappeared, 
will, of course, he beyond any  possibility of recovery. 

On the basis o f  numerous investigations it has heen 
estimated tha t  anterior horn cells with reversihle changes 
inay lie restored to function in the course of from 1-20 months. 
Some authors,  indeed, maintain (see e.g. Hunsson, 1939, 1). 3 2 )  
that  nerve cclls which have been attacked by the  virus and 
dainaged without heing destroyed, may recover in from 3 to 
5 years;  and cases of poliomyelitis have been encountered, in 
\v h ich coin p let el y 1) a r a l y sed and even m a r ke d 1 y a t  r o 1) hied 
muscles have recovered after such a long time. I do not want 
to say anything as  to  whether the restoration of the muscular 

4 Acta ort,hopaedica, Vol. XIX. 1 
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function in such cases is connected with peripheral axon 
regeneration. I shall merely emphasize the remarkable primary 
resistance to the poliornyelitic process which myelin sheaths 
and especially axons possess. When the cells degenerate in the 
acute phase, the axons will, of course, rapidly be subjected to 
secondary degeneration ; but i f  the cells a re  restituted after 
the acute chromatolysis, such axon changes do not occur. I 
shall also emphasize the disproportion existing between the 
intensity of the muscular changes on one hand and the peri- 
pheral nerve changes on the other, which is so often encoun- 
tered in poliomyelitis and amyotrophic lateral sclerosis. 
Several years after the acute stage of the disease severe dif- 
fuse muscular atrophies concomitant with surprisingly slight 
changes in the peripheral nerves have been encountered in 
the chronic stage of poliomyelitis (see Kopi t s ,  1929; Horanyi- 
Hechst,  1935).  This condition often coincides with the presence 
of ample amounts of extremely chroniophilic and sclerotic 
cells in the anterior horns,. Several authors believe that  if 
the acute inflammatory process can evoke secondary slight 
changes in the nerve cells, the cells may recover in from 
2 to 60 days (Hansson, 1939), but i t  is doubtful whether such 
cellular changes are of any importance a t  all. 

S IT 112 M A R Y  

The structural changes of the nerve cells have been studied 
by the aid of the progressive, selective staining with gallo- 
cyanin-chromalum, which allows a quantitative estimation of 
the basophilia of the cells. Since the stain becomes selectively 
bound to the nucleic acids of the structures, its intensity 
(chromophily, chromoneutrality, chromophoby) gives a fairly 
accurate expression of the cellular content of nucleic acids, 
which varies markedly in poliomyelitis as well as under ex- 
perimental conditions (anoxia, vitamin E deficiency etc.). 

In poliomyelitis the acute changes of the cells (swelling, 
chromatolysis, vacuolar dissolution, neuronophagia ) are  di- 
stinguished from the chronic or late changes (extreme chromo- 
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phily, cell sclerosis, lipodystrophy and irreparahle cell atro- 
phy) ,  and both are estimated in relation to the varying cellular 
content of nucleic acids. In fact lasting pareses and muscular 
atrophies may be the consequenses of these chronic cellular 
changes, and need not necessarily be due to an acute loss of 
the cells and neuronophagia. 

Several ohservations support  the view tha t  the motor cells 
may remain for a long time in the torpid but still reversible 
state of extreme chromophily. without the trophic control 
of the axon suffering any noteworthy damage. The good 
results of the physiotherapeutic aftertreatment of poliomyelitis 
( t he  systematic training of paretic and atrophic muscles) 
often achieved in orthopaedic hospitals, are thought to be due, 
in no slight degree, to  a release of the motor cells from their 
torpid state of extreme chromophily and a gradual recovery 
of their impulse activity. This applies quite apar t  from the 
fact, tha t  it is possible to train the unaffected muscle fibers 
to such an extent that  they may compensate the acute loss 
of the severely affected neuromuscular units, if this loss is 
not too extensive. 

H E s IT hi E 

Les modifications structurales des cellules nerveuses ont 
et6 ktudi6es h I’aide de la coloration progressive, selective A la 
gallocyanine-chromalum, qui perinet d’effecteur une estima- 
tion quantitative de la hasophilie des cellules. Depuis que la 
coloration est  devenue selective des acides nucleiques de ces 
structures, son intensit6 (chromophilie, chrornoneutralitk, 
chromophobie) donne une indication relativement exacte de 
la teneur des cellules en acides nucleiques, qui diffkre notoire- 
nient dans la poliomyelite ainsi que dans les recherches ex- 
1)brinientales (moxie ,  dkficience en  vitaniine E, etc.) .  

Dans la poliomyblite, les alterations aigues des cellules 
(enflure, chromatolyse, dissolution vacuolaire, neuronophagie) 
se distinguent des modifications chroniques ou tardives (chro- 
mophilie extreme, sclerose des cellules, lipodystrophie et atro- 

4* 
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phie irrkparahle) et il est possible de dkterminer le genre de 
modification devant lequel on se trouve par I’estimation de la 
teneur diffkrente des cellules en acides nuclkiques. E n  fait les 
parksies durables et les atrophies musculaires peuvent &re la 
conskquence de ces alterations cellulaires chroniques et ne sont 
pas nCcessairement dues h une destruction aigue des cellules 
et B une neuronophagie. 

Plusieurs observations appuient l’hypothkse que les cellules 
motrices peuvent rester trks longtemps dans un ktat torpide 
d’extrhie  chromopilie encore rkversible, sans que le contr8le 
trophique de l’axone en ait souffert sensiblement. Les bons 
rksultats des traitements cornplkmentaires physiothkrapeu- 
tiques de la poliornyClite ( l’entrainernent systCmatique de 
muscles parktiques et atrophiks) sont souvent obtenus dans 
les h8pitaux orthopkdiques et ils sont probablement dus en 
grande partie au fait que les cellules motrices ont Ctk arrachPes 
B leur &at torpide d ’ e x t r h e  chromophilie et qu’elles ont re- 
trouvk graduellement leur activitk d’impulsion. I1 est d’ailleurs 
entikrement fait abstraction du fait qu’il est possible d’entrai- 
ner des fibres musculaires non atteintes B tel point qu’elles 
sont capables de compenser la destruction aigue d’unitks neu- 
romusculaires severement malades, {I condition que cette 
destruction ne soit pas trop extensive. 

Z U S A 81 hl E N F A S S IT N G 

Die strukturellen Veranderungen der Nervenzellen wurden 
mit Hilfe der progressiven, selektiven Farhung mit Gallo- 
cyanin-Chromalum untersucht, die eine quantitative Schat- 
zung der basophilen Substanzen der Zellen gestattet. Da der 
Farbkorper sich ausschliesslich mit den Nucleinsauren der 
Strukturen verbindet, ist ihre Intensitat (Chromophilie, Chro- 
moneutralitat, Chroniophobie) ein ziemlich genauer Ausdruck 
des zellularen Gehalts a n  Nucleinsauren, der sowohl bei Polio- 
myelitis wie unter experimentellen Bedingungen ( Anoxie, 
Vitamin E-Mange1 usw.) betraichtlichen Schwankungen unter- 
morfen ist. 



Bei der Poliomyelitis w erden die akuten Veranderungen 
der Zellen ( Aufqucllen, Chroniatolyse, \ akuolare Aufliisung, 
Neuronophagie) 1 on den chronischen odcr Spiit\ criinderungcn 
(extreme Chromophilie, Zellensklerose, Lipodystrophie und 
irre1,arahle Zellenatrophie) unterschiedcn, und  hcide werden 
irii Verhaltnis zu den Schwankungen des Zellengehalts an  Nu- 
cleinsauren geschatzt. l'atsachlich kiinnen daucrnde Paresen 
und Muskelatrophien (lie Polgen dicser chronischcn Zelll  er- 
iinderungen sein und brauchen nicht notwendig auf einein 
akuten Verlust der Zcllen und Neuronopliagie ZLI beruhen. 

Mehrere Heohachtungen stiitzen die Ansicht, dass die 1110- 

t o r ixhen  Zelleii Iiingere Zeit in einein starren,  aber immer 
noch rerersiblen Zustande cxtrcnier Chromophilie 1 crhleiben 
konnen, ohne dass die tro1)hische Kontrolle rles Axons irgend- 
u-elchen iiennensw ertcri Srhaden erleitlet. Die guten Resultate 
dcr physiotheral)eutischcn Nachheliandlung der Poliomyelitis 
( die b y  s t em a t is ch e Ueh ung de r pa re t i\ cli e n u t i  d at  r o ph i s c he n 
hluskeln),  die in den orthopiidischen Iirankenhiiusern of t  
erzielt \I erden, iiiii4sen wohl in nicht geringcm Grade auf 
eincr Auflockerung des starren Ver\\eilen\ der Zellen i n  ex- 
treiiier Chroniophilie beruhen und auf einer gradm eisen \Vie- 
dcrerlangung ihrer Keiztatigkeit. Dies gilt ganz abgesehen von 
der Tatsache, dabs es nioglich ist, die iiicht angegriffenen 
blushelfasern soweit zu trainiercn, dass sie den akuten \'er- 
I us t de r s ch we re r an  gegri f fen en n eu ro ti1 11 s ku 1 a ren Ei n h ei t en 
Irompensieren liiinncn, \\ eiin dieser Verlust nicht zu ausgc- 
d e h n t i s t . 
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