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order of merely 50 A. Waid, however, uses a different terminology
and has split the later thermal reactions into several components.
For the present purpose the important point is that the actual photochemical change (in the retina as well) may consist of the minor shift
of the absorption spectrum toward the short wave lengths. This is not
likely to be measurable in the living eye. However, its relation to
bleaching and regeneration can and must be analyzed so as to bridge
the gap between photochemistry and the slow chemical processes of
bleaching and regeneration which now, to a superficial view, seem so
meaningless for the visual processes after having been in the foreground for almost a hundred years. At the moment we will have to
assume that bleaching of visual purple serves merely to remove it
from harm's reach when the cones take over the act of vision. This
brings us back to the questions concerning light sensitivity and visual
purple concentrations, discussed above. The late A. F. Bliss (1948)
found the reddish photopigment in the eye of cephalopods, which he
called cephalopsin, to be an unbleachable rhodopsin and yet very
definitely to be the substance mediating the photochemical rssponse
to light. In this animal, which has a homogeneous receptor population,
there seems to be no need for having one kind of photopigment removed when another takes over. Its photopigment has since been
studied by St. George, Goldstone, and Wald (1952).
As to the process of excitation itself, Dartnall (1948b) suggested
that activation of a visual purple chromophore by a light quantum
may be "succeeded by a chemical process resulting in an electron transfer down the conjugated chain to the protein base and thence, in vivo,
to the retinal end organ to which, in all probability, the visual purple
molecules are attached." Wald and Brown (1952) ascribe to the
-SH group a role in eliciting the electrical generator potential. At the
moment this, however, is a consequence more of their method of
analysis than of their evidence. It is of some interest in this connection

to recall the lamellar structure of the rods, as found by

Schmidt

(1938) and studied by Sjristrand (1949, 1953a,b) with the electron
microscope. If the outer limb of the rods consists of superimposed
discs the way Sjcistrand pictures them, then considering Noell's results
mentioned above (and in Chapter 5, p. 184), it seems appropriate
to ask how many discs are necessary for excitation-and to answer,
possibly only the innermost ones. This brings us back to the original

suggestion by Granit, Holmberg, and Zewi (1938) that under such
circumstances the excess visual purple actually may be regarded as a

"store."

Chapter 5

The Electroretinogram

l.

Introduction

Aw electrophysiology of the retina was recognized at a time when only
the muscle and nerve action potentials were known and for the history of this subject I can refer to my book of 1941 .It is of some interest to recall that the retinal electrical response to light was discovered
independently in Sweden (Upsala) by Frithiof Hoinrgren (186-5-66,
1870-11) and in Scotland (Edinburgn) by Dewar and M'Kendrick
( 1 873a,b), because they converged torvard the same lesult from very
different assun.rptions. The Scottish authors inragined that the newly
discovered photoeiectric action of light might be the means of activation of the eye and Holmgren, following Du Bois R"eymond (1849),
wanted to study what was regarded as a natural cross-ssction of the
optic nerve, where it might be possible to observe thc resting potential
as influenced by an impulse without killing the end of the nerve. He
was surprised to find in the flsh eyes which r,vele used a deflection of
his galvanometer to onset and cessation of illumination. These he flrst
misinterpreted, believing them to be the neive action potentials he was
looking for. Later on (1870-71) Holmglen studied the distribution
of the resting potentiai around the eye and from these results concluded
that the electrical responses to onset and cessation of iliumination had
arisen in the retina itself.
Owing lar:gely to the monumentril histological work of Rant6n y
Cajal ( 1933), it soon became generirlly undelstood .uvhat a cor.trplex
organ the vertebrate retina really is, but it was not until the electronic
era of sensory research that this knowleclge became part of any relevant physiological stock of ideas. This new era of research was heralded by the pioneer contributions of Adrian and R. Matthews
(L927a,b, 1928) on the optic nerve response of the Conger eel. A
sunmary of the achievements up to 1945 was given in my Sensory
nrechanisms of the retina (1941 ), and a later summary dealing with

the organization of the retinal elements was published in
15I
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(Granit, 1950b). I now intend to consider the subject in bird's-eye
perspective in order to indicate briefly what recent advances have
been made in the study of the electroretinogram but also and chiefly
to point out some general trends of thinking in the problems in this
fleld. It is not intended to review the field monographically with complete references. f{owever, in the presentation of leading ideas a sufficient number of papers will be quoted in order to make it easy for the
reader to trace them back to their original sources and to locate the
growing number of research centers devoting themselves to electroretinography.
Figs. 25 and 26 in Chapter 2 (pp. 64, 65) have already drawn
attention to the fact that behind the layer of receptors in the retina
there are two additional neurones, the bipolar cell and the ganglion
cell, and that the axon of the latter is what we conventionally call an
optic nerve flber, though, strictly speaking, it is what elsewhere in the
central nervous system would be called a ffact fiber. In addition there
are lateral connections formed by horizontal and amacrine cells. The
centrifugal or efferent paths were discussed in Chapter 3, sec. 6.
Polyak's (194I) scholarly book on the histology of the retina deserves
careful study by anyone interested in this field.

2. The
It

electroretinogram,

a

mass response

should be realized at the outset that the electroretinogram recorded in the standard way in situ with one electrode on the cornea
and the other on the animal's body is a mass effect dependent upon
the favorable orientation of some retinal structures capable of conducting currents in one direction. Such oriented structures are the rows
of receptors and bipolar cells. There are also two membranes, m.
limitans externa and m. limitans interna, the former at the base of the
receptors, the latter below the ganglion cells. However, according to
Sjcistrand's (1949, 1953a,b) analysis by electron microscopy, m.
limitans externa is not a membrane at all but consists of independent
and isolated rings around each receptor cell. These "membranes"
^uy
nevertheless possess relatively high resistances and so play a significant role in determining the distribution of the current between the
two recording electrodes. It is clear from what we know about the
behavior of nerve cells elsewhere that all cell types must be the seat
of potential changes when activated, but for the reasons mentioned
only receptors and bipolars have been seriously considered as significant for the currents recorded as electroretinograms. The large re-
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ceptor potentials observed in the retinae of animals having the neural
layers at some distance from the receptors were mentioned in Chapter
1, secs. 3,4, and7.
The so-called indifferent electrode on the animal's body is not wholly
indifferent. Some authors use the other eye, kept in the dark, as the site
of the indifferent electrode but, at least in cats, the "dark" eye may record
the potential of the illuminated eye with inverted sign and so cannot be
neutral. Such effects, inasmuch as consensual pupil reactions have been
excluded, may lead to the conclusion (actually drawn) that centrifugal
fibers have carried an eflect reflexly from an illuminated eye onto the
nonilluminated eye, but so far there is no evidence for this conclusion.*
The centrifugal effects have been discussed in Chapter 3. The consensual
pupil contractions have been analyzed by Karpe (1945) and Dodt ( 1951b).
In small animals the indifferent electrode may also pick up the cortical
visual response if placed near the head. In unoperated cats the indifferent
electrode is best placed in either nasal orifice. The dominating part of the
response is cornea-positive. The initial positivity which at high intensities
is preceded by a small negative a-wave, is called the b-wave (see Figs. 69
and 70).

The large eye of the cat can be used to clarify one of the essential
complications in electroretinography. This is that the eyes of most
laboratory animals, including man, are dominated by rods. Hence they
are very light sensitive when properly dark adapted, so that a relatively weak stimulus, if spread over a sufficiently large area, elicits
an electroretinogram of considerable magnitude. In fact, the stray
light spread diffusely by the different optical media will stimulate the
eye, as is most conclusively shown in clinical electroretinography.
Thus, Karpe (1945) found that large scotomata were perfectly compatible with a scotopic retinogram of normal size. This problem of
light scatter has aroused considerable interest. Fry and Bartley (1935)
and Bartley (1941) held the view that the electroretinogram is caused
wholly by stray light. Granit, Rubinstein, and Therman (1935) did
not think their evidence conclusive.Later Asher (1951) showed that
an electroretinogram could be elicited by stimulation of the blind spot,
and Boynton and Riggs (1951) on similar and other evidence again
* Recently Miiller-Limmroth (Zt. Biol., 107, 216-40. 1954) has found that
the slow potential change noted in one eye after illumination of the other actually
disappears after severance of the optic nerve (guinea pigs, urethane narcosis).
So far I have failed to find any corresponding effect on retinal elements in cats
(enc6phale iso16, spike recording).
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concluded that the retinogram is produced by stray light (cf. Boynton,
1 953 ) . My own standpoint ( see Granit, 19 47, p. l7 4, wherc the earlier
phase of the discussion is reviewed) was that "though it is certain that
scattered light excites receptors outside the area of stimulation, particularly when the stimulus is strong," there are nevertheless unsettled

objections to the view that "area" is of no significance. I need not
now enter upon these objections but will limit myself to the description

of a recent experiment in our laboratory (Wirth
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and Zetterstrcim,

1954) in which, for the first time, the effect of area of stimulation upon
the electroretinogram has been recorded in the absence of stray light.
These experiments demonstrate the influence of "atea" in an unequiv-

64

ocal manner. The idea was to illuminate through Perspex cones
blackened on the outside and apply them directly onto the retina of
the opened eye after removel of lens and cornea, while the electro-

&

retinogram was recorded in the standard way.

Fig. 69 illustrates some results taken with a condenser-coupled
amplifier which has a sufficiently long time constant to reproduce the
fast initial phases correctly. These are the ones generally measured.
On an average it was found that a surface not less than 5 mm. in diameter had to be illuminated to give a full-size electroretinogram. Most
animals gave only a small, slow response with an area 2 mm. in diameter, some none at all. In the best cases it was just possible to notice
a small response with the 1.5 mm. cone. Clearly, therefore, the contention by M. Monnier and Boehm (L947) that perimetry would be
possible by electroretinography can mean only that there are general
differences between central and peripheral responses because of the
variations in the relative number of rods and cones.
It has been stated from the beginning of electroretinography that
area and intensity are interchangeable in determining the size of the
electroretinogram (for references see Granit, L947), but the experiments illustrated in Fig. 69 rvhich exclude stray light show that it is
impossible to obtain a full-size and high-intensity type of electroretinogram by any reasonable intensity if the area goes below a minimum
of the order of 10 sq. mm.-to make a very generous estimate. In
most cats 20 sq. mm. will be needed. Now, since the diameter of the
rods is of the order of 0.002 mm., a truly enormous number of receptors is required for a full-size and high-intensity type of electroretinogram. The most significant result of Fig. 69 is that the responses
to small areas and high intensities never look like high-intensity
responses but in every respect are identical with low-intensity electroretinograms obtained with large areas, rising, like those, slowly

3mm refinal spot

ry*
Gs2 ftNo
16

-16

o
^t2s
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Fig. 69. Initial phases of electroretinogram of dark-adapted cat. Note change
of calibration for lowest intensities on the left. Lelt column: pupil filled. Rigftr
column: Perspex cones of 5 and 3 mm. respectively, applied directly onto retina,
as described in text. Note that at high intensities b-wave does not increase in
size, only in rate of rise, and a-\Mave occurs. Oscillations on the records. Cf., e.g.,
64 lux under different conditioos, (Wirth and Zetterstriim, Brit, l, Ophthalm,,
38, 257, t954.)
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toward their maxima and reaching low amplitudes only. True highintensity responses (to the left in Fig. 69) are initiated by a small
negative a-wave and have a very fast rate of rise. In fact, as with large
areas, when the high-intensity range is reached, the electroretinogram
does not alter very much in size but chiefly in rate of rise of the positive
b-wave (cf. Granit, 1.947, fig. 78, p. 149; Bornschein, 1952). This
effect of rate of rise may account for the fact that in the experiments
with different Perspex cones, flicker frequency proved to be a function
of area and intensity, just as in Granit and Harper's (1930) experiments on area with perceived flicker (cf. Berger, 1953). The oscillations on top of the high-intensity responses should also be noted. This
phenomenon has recently attracted the attention of several workers
(Cobb, below; Miiller-Limmroth and Andr6e, 1.953a; Tomita, 1950;
Ottoson and Svaetichin, 1952; Dodt and Wirth, 1953). Some of the
oscillations are due to nerve impulses, some to b-waves of difierent
rates of rise in individual elements (Granit, 1947), but as yet unknown
factors cannot be excluded.
Now, what is the explanation of this efiect of area? In Chapter 2 it
was pointed out that the receptive flelds of a single optic nerve fiber
can be of considerable size; in cats actually a maximum of 4 mm. has
been given by Kuffier (1953). If the retinogram were due, partly at
least, to an integration within the receptive field and thus to summation in synaptic networks, the effect of area could be simply explained
but the natural consequence of this view would be that the electrical
response would have to be influenced by structures activated in the
chain of events later than the outer portion of the receptors, the first
site of neural interaction being at the synapses with the bipolars. This
problem was first raised by Adrian and Matthews (1,921a), who on
the one hand found area and intensity interchangeable with respect to
the latency of the discharge in the optic nerve, on the other hand found
the retinal-nerve interval to be constant when counted from the beginning of the a-wave. These two facts were held to require the spatial
effect to express interaction by convergence, alternatively physical or
chemical direct interaction in the receptors. In both cases the summative process would have to be at a point somewhere before the retinogram had arisen or at this very site-at any rate, not between it and
the spike discharge. Adrian and Matthews assumed the a-wave of the
electroretinogram to be localized in the receptors themselves and interaction consequently to be due to physical or chemical direct forces
bptween the receptors. They did not express any opinion on the locali-
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zation of the b-wave. I shall return below to this question of the localization of the elcctrorctinogram.
An altelnative view to interaction in Wirth and Zetterstrom's experirnents would be that the receptors, even u,ithin the rod range, have
widely diflerent thresholds. and so the ellect of area would be to add
up charges or "batteries," much as in the Limulus eye (Graham , 7932) ,
where the retinal respcnse is dependent merely upon the number of
onrmatid,a activated. On this view the effect of area on the iatent period
would have to be ascribed to the greater probability for the inclusion of a sultrcient number of brieflatency, quickly responding highthreshold receptors in a response front a larger area. However, the
interaction in the synaptic layers, demonstrated by a very large number
of perfectly clear-cut expeliments (see e.g. the summary by Granit,
1950b, and papers by Adrian and R. Matthews, 1927a,b, 1928; Hartiine, 1938a, 1940a-c; Barlow, 1953a,b; Ku111er, 1953), would then
leave the electroretinogi'am untouched and the speciflc features by
which high-intensity electroretinograms of Jarge areas differ from highintensity responses of small ones would be wholly accounted for by
the increasing number of high-threshold receptors (cones). As such,
the number: of receptors activated must, of course, be a factor of primary impoitance. One need but imagine the likelihood that a single
receptor i:s capable of producing a recoi'dable r:etinogram, despite
retinal and extra-retinal shunts, in order to realize that the number of
oriented elements is significant.
This should sultrce as a first presentation of one of the main problems of electroretinography. Is it possible deflnitely to assign the electroretinograms to one specific structure and to assert that the electrical
events in that structure are independent of electrical events in adjacent
or proximai stiuctures in the path to the optic nerve? I shalt return
to this question below. In 1947 I found it necessary to ascribe the origin
of the electroretinogran-r to both r:eceptors and neural layers.

3. Rod and cone electroretinograms
Summarizing the knowledge on the electroretinogram (see Fig. 70)

in 1941 ,I came to the conclusion, based largely on the work of piper
( I911) and ourselves, that there were two main types of response,
tho:e of E- and l-retinae, which often were represented or .,mixed,,
in the sanre eye in sr-rch a fashion tltat rt secmed likely that they were
the electroletinograms of the rod- and the cone-systems respectiveiy.
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At the time, however, it was felt necessary (Granit, 1947, p. 165) to
insert some words of caution against unqualified acceptance of this

It was largely based on anatomical considerations and on our
evidence to the efiect that mixed retinae underwent a transition from
E- to I-type in light adaptation, provided they had a sumcient number
of cones. This question must now be re-examined in the light of later
view.

evidence.
Let us begin with an eye, such as that of the frog, in which rods and

cones occur in about equal proportions. It is actually possible to put
this animal or its opened eye (if one uses freshly caught autumn frogs)
in the window and expose it for an hour to bright sunshine and still,

immediately afterward, record a typical electroretinogram, provided
a sufficiently strong light be used. Some changes, to be sure, have taken

place: the slow, so-called c-wave, ascribed to component PI (see
below, Fig.71), has disappeared, as have also the slow components
of the b-wave and the ofi-effect; the electroretinogram has decreased
in size and often the negative phases have become more prominent. As
shown by Fig. 70, a, negative phases are more prominent in cone eyes
( Granit, 79 47 ; cf . Noell, 1 95 1 ; Miiller-Limmroth and Andr6e, 1 953 a) .
This is beautifully illustrated also in Schubert and Bornschein's ( 1952)
record of the electroretinogram of a congenitally rod-blind observer,
in which the b-wave rises from a negative level of potential. fn general,
however, it may be said that the electroretinogram of the light-adapted
frog eye is complete in that it has an initial negative a-wave, a b-wave,
and an ofi-effect or d-wave. Its spectral distribution of sensitivity is

j
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Fig. 70. Electroretinograms.
a. Cone retina of hornccl toad, Phyronosorna. (Chaffee and Sutcliffe, lrrer.

l.

Phv.siol.,95, 250. 1930.)
b. Cat, dark adaptecl. Two flash durations. Intcnsity about 700 m.c. Note
a-wave just visible, b-wave with fast oscillation. drop bclow baseline before
c-wave begins. and d-wavc or ofi-efiect as a retardation of fall of response at

of illumination.
c. Guinea pig, dark adapted. Intensity about 900 lux. Deflnite a-wave, indication of double b-wave. In this eye the c-wave or secondary rise tends to be
the most prominent phase of the response. Light signal below retinogram in this
and in |.
cessation

d. Gecko. Intensity

1250 m.c. First record is 3.8 sec. illumination after 1 min.

in the dark, second record 2.8 sec. illumination after 2 min. in the dark. Time
marks 0.2 apart. (Dodt and Heck, Pfliig. Arch. S4es. Physiol.,259,2Z6. 1954.By
courtesy of E. Dodtr Physiological Institute, Freiburg in Bresgau.)
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that of the cones with maximum shifted from 5,000 A to 5600 A
(Granit and Wrede, 1937). The pure cone electroretinogram is perhaps
best illustrated by a diagram based on records from the cone retina of
the horned toad (Fig. 70, a) obtained by Chaffee and Sutclifle ( 1930).
No drastic light adaptation has been necessary for this record. Recently
Noell ( 1951) and Forbes and Burleigh (1952) have recorded electroretinograms from pure cone retinae of turtles and in them, too, they
flnd all the phases described.
As a counterpart to the cone electroretinogram we have inFig.70, b,
the electroretinogram in the dark-adapted state of a rod-dominated
animal such as that of the cat, which nevertheless has a sufficient number of cones to be able to give in light adaptation the cone spectrum
of the photopic dominator (Granit, 1943c with microelectrodes-cf.
ch. 4-and Gunter, 1954) and a flicker fusion frequency as fast as
that of the human eye, with both spikes and electroretinogram, provided that the stimulus intensity is made very high (Dodt and Enroth.
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1953). The off-eflect is small. Fig. 70, c, shows the rod electroretinogram of the guinea pig. This eye has so few cones (O'Day, 1947) that
it has been impossible to obtain the photopic dominator-so characteristic for cones-by the microelectrode technique (Granit, L942b), and
its flicker fusion frequency is also low, even at very high intensities of
stimulation (Dodt and Wirth, L953). Sometimes one flnds a small offeffect. Guinea pig electroretinograms have also been published by
Adrian (1946), Boehm, Sigg, and Monnier (1944), and others. Finally, Fig. 70, d, shows two electroretinograms (Dodt and Heck,
I954a) from the pure rod eye of the Gecko. It should be noted that
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that some such skeleton of an analysis was necessary for directing further work. These components do exist and for many purposes the
analysis is still serviceable (Miiller-Limmroth and Andr6e, 1953a). It
generally seems to have been overlooked that in the lighfadapted frog
the whole off-effect could not be accounted for unless an overswing
m
+1. 2?
+

l.l

il

there is an a-wave, a b-wave, and an off-effect, the last small compared
with that of the horned toad.

By compressing the time scale and using dark-adapted frogs, it
would be possible to make the frog high-intensity electroretinogram
look more like the cat electroretinogram of Fig. 70, b. There would
be only a more prominent ofi-effect in the former, but even this difierence could be made less conspicuous by comparing them at shorter
exposures. In cats and rabbits the electroretinogram sometimes swings
toward the negative side after the b-wave, as in the case of Fig.70, b,
in which the c-wave was small; it does so more regularly in the albino
rat (Charpentier, 1936), in the guinea pig (Boehm, Sigg, and Monnier, t944), in rabbits (Noell, 1953), and particularly in the dog
(Piper, 1905; Parry, Tansley, and Thomson, 1953). Below, I shall
discuss separately slow negative and positive responses. The positive
secondary rise is well known to be a characteristic of the dark-adapted
state. It is sensitive to ether and for this reason may be absent in the
Gecko which has been anesthetized with ether (for an alternative explanation see below, p. 182). There were some doubts of whether the
dark-adapted human eye has a secondary rise, but these have been
dispelled by Dodt (195lb) and Wirth (1951). It should be realized
that I am speaking of high-intensity electroretinograms capable of displaying all the features of the response.
In conclusion it may be stated that with the exception of the c-wave
or secondary rise all principal features seen in rod (E) electroretino-

grams are also found in cone (I) electroretinograms, but the latter
tend to have a far more conspicuous off-efiect or d-wave. There is nothing wholly new in this conclusion. It was also emphasized in the general component analyses of the electroretinogram, illustrated in Fig. 71
for the frog eye (for the cat retina see Granit, L933), in which long
ago our laboratory expanded and developed experimentally the old
work of Piper (1911) and Einthoven and Jolly (1908) in the belief

Fig. 71. Analysis of the I-electroretinogram. Upper: dark adapted. Lower:
light adapted. Duration of stimulus: 2 sec. (Granit and Riddell, l. Physiol.,8t,

t.

1934.)

to the positive side of the component labeled PIII or renewed activation of PII was assumed to take place, as was experimentatly found
by Granit and Therman (1937). This is in agreement with Parry's
work discussed in Chapter 1, sec. 6 (cf. also Fig. 13) and has recently
been emphasized again by Tomita (1950).
A consequence of this general theory of the electroretino3ram, which
after twenty years, no doubt, is ripe for improvement, is that both rod
and cone systems possess the same components but that their relative
size may yary a great deal from animal to animal. fn particular the
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negative component PIII was found to be relatively larger in cone
electroretinograms. This, by some authors, has since been taken to
mean that it is specific for cone eyes but it was clearly pointed out
that "of course, both processes [i.e. PII and PIII] are present in all
types of retina" (Granit, 1,947,p. 135; cf. Best, 1953a; Noell, 1953;
Dodt and Heck, 1,954a). One of the most def,nite early arguments
that PIII was also present in rod retinae came from Therman's ( 1938)
work with the isolated PIII, in which this component was found to
reproduce the visual purple spectrum in dark adaptation (Granit, 1947,
p. L25). To this, Armington, Johnson, and Riggs (1952) and, independently, Bornschein (1952) and Best (1953a) have since added
emphasis by demonstrating that in man the initial a-wave which (on
the analysis of Fig. 71) is the initial part of PIII, if proper precautions
be taken, can also be isolated as a rod phenomenon. Finally, Dodt and
Heck (1954a) for the first time have recorded the electroretinogram
of a pure rod eye (the Gecko, Fig.7L, d) which does not differ fundamentally from that of the pure cone eye (Fig. 71, a). There was a definite a-wave which increased in the dark.
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charge from the optic nerve of the guinea pig as an index. Apparently
we are dealing with differences of degree rather than of kind. The differences between rods and cones should not be exaggerated. Many
facts have, indeed, made it necessary to assume that there are conelike rods (Granit, 1947). However, considering the very large number
of pure off-elements in the frog's eye (Hartline, 1938a), it seemed to
me (1947) that the organization responsible for the off-effect might
well be better developed in cone eyes (see Fig. 71., a). In the eyes
of cats and guinea pigs pure ofi-elements are rare, possibly absent, "purity" being partly a matter of definition.
If this view is gsllssf-th2t the off-mechanism is less developed in
rod eyes, and, when present, possesses slower time constants (Granit
and Munsterhjelm, 1937)-it is clear that at cessation of illumination

the algebraical interference of the components may easily lead to
obliteration of the off-effect in the electroretinogram. Cessation of
illumination is also charucterized by postexcitatory inhibition, particular1y easy to demonstrate in the retinal elements of guinea pigs (Granit,
1945a).If the latter is opposed by a less active off-mechanism than in
cone eyes it may well dominate the electroretinogram. Sometimes the
electroretinogram actually becomes negative at "off," as in record C,
Fig. 72, and in some of Noell's (1953) and Ottoson and Svaetichin's

In view of

these facts Ottoson and Svaetichin's statement (1952; reiterated by Svaetichin, l954a,b) that the negative component of the electroretinogram is a pure cone component and that cones do not contribute
to the b-wave cannot be upheld. It is also well known that the b-wave is
a good index of both cone and rod activity-indeed, it is capable of
giving the Purkinje shift (cf. Chapter 4) between the two states of
adaptation. Pure cone eyes are also well known to have positive b-waves
(see Fig. 71, a, and Noell, 1951; Forbes and Burleigh, L952). Their phasic
components tend to be faster than in rod eyes (Meservey and Chaflee,
1927).

(1954) records. It was shown in Chapter 2, sec. 6, that receptor potentials may change polarity at cessation of stimulation (the hyperpolarization of Katz).
The eyes of most laboratory mammals and that of man are dominated
by rods, and so, normally, their electroretinograms would tend to bring
out the interference picture characteristic of the rod system. Pigeons
have been used to some extent in recent work for representative cone
eyes. However, they do not lack rods. Their electroretinograms show
marked ofi-efiects (Piper, 1910, l9l1; Granit, 1935; Adrian, 1946;
Dodt and Wirth, 1953).
From what has been mentioned above it should be perfectly clear
that in mammals cone electroretinograms will in general be covered
by rod electroretinograms. This is well known to be the case in man

Now, why is the off-effect absent or less conspicuous in the electroretinogram of rod eyes? Is it because elements capable of giving ofidischarges are absent or rare in them? With an Adrian-Bronk needle
electrode in the optic nerve I found very marked ofi-discharges in the
cat's eye (Granit, 1933). This was confirmed by Battley and Bishop
(1940)-who used the rabbit's eye, which likewise is lacking a good
off-effect in its electroretinogram-and by Adrian (1946) with other
retinae of the E-type. Later, using the microelectrode technique, I
found (Granit, L942b) that pure on-elements were far more common
in the guinea pig's eye than in any eye containing a greater number of
cones. However, ofi-discharges were by no means absent, as has been
since confirmed by Adrian (t946), who employed the massed dis-

(Adrian, L945;Karye,1.945; Kaqpe and Tansley,1947; Johnson and
Riggs, 1951). Some evidence clearly indicates active suppression of
the cones by the rods (Granit, 1947;Dodt, 1952a; Dodt and Heck,
1954b). This being so, it is necessary to look for means of "uncovering" the cones. This general problem, together with clinical applications
of electroretinography, has been very much in the foreground in recent
work on the electroretinogram. The three chief methods applied, singly
L

I
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or in combination, have been to use ( 1) light adaptation to suppress
rods, (2) differences in color sensitivity between rods and cones (see
Chapter 4), and (3) flicker and fusion frequency. A1l require strong
light sources. In human electroretinography, which is clinicaily important (cf. e.g. Karpe, 1945) and of theoretical interest because of its
bearing upon psychophysical interpretations, much experimentation
has lately been devoted to methods of uncovering cones.

It is regrettable
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iikewise well-knorvn fact that cones follow faster rates of flicker than
rods.

Untii recentlv it was thought that eyes dominated by rods could not
flicker at the Iast rates required by the presence of a limited number
of cones, the notion being that the cone response in such eyes couid not
be traced below the doininating rod response. Thus, the perceived
liicker of the hur.r-ran eye, mediated by cones, was known to run up to

that with few exceptions most workers have neglected the ofi-effect
and restricted their analysis to the initial phases alone. The conecomponent is just as important at "ofi." I shall therefore begin with the
anaiysis of "flicker," which has thrown some light on the off-efiect.

It

should be realized that the human electroretinogram cannot be ex-

pected to give a picture of the average sensory events in which our visual
perceptions are directed by the cones of the fovea with their (relative to
the peripheral rods) enormous sensory projection area. We can see well
with the cones at modest intensities, beginning at about a tenth of a meter
candle, when rod dominance in the electroretinogram still would be practically complete. Roughly speaking, the sizes of the peripheral and central
parts of the field of vision in primates are inversely represented in retina
and the cortical striate area. The cortex of the cat is likely to be better
interpretable in terms of this animal's electroretinogram than our own
cortex (or that of a monkey) in terms of our retinal response. The cat has
no fovea, only an area centralis with a greater number of cones than elsewhere (Ziirn, 1902). This is not rodfree like the primate fovea.

The most striking differences between the electroretinograms of Eand I-type are seen in flicker, or the response to intermittent illumination. The verticai line in Fig.72 marks cessation of illumination. In the
eyes (A, B, C) which have a good off-effect, resumption of illurnination elicits a negative a-wave followed by a b-wave; however, in the
cat's rod-dominated eye (D) the flrst effect of reillumination is a pure
b-wave. In accordance with this, flicker in the electroretinogram of
cone eyes is generally a succession a-b-a-b, while in rod eyes it tends
to be b-b-b-b. This is well known (see Granit, 1947) and has recently
again been confirmed by Miiller-Limmroth and Andr6e (1953b) and
Dodt and Heck (1954b). Withrnixed eyes, using dark adaptation and
low intensities, to keep well within the rod range, the flicker scquence
of wavelets is b-b-b; with strong lights, which cause some light adaptation, the response changes into a-b-a-b (Granit and Riddell, 1934). At
the same time the fusion frequency increases in accordance with the

Fig. 72. tffcct of increasing the intelval between two stimuli on the electrorctinogram of clifrerent tvpes of retina. ,4: flog, B; pigeon, C: owl, D..cat. Uppcrmost curve ol each series shows Lhe uninterluptcd off-effect; short vertical lines
indicate the beginning of the second stimulus. -['ime marking: 1/10 sec. (Granit,
J. Ph,t,sictl..8-i, 421. 1935.)
values around 70 flashes per second, while the electroretinographically
deterrnined flicker fusion siopped at around 25 flashes per second, a
maximum characteristic of rods. Dodt (1951a; 19-52a), however, succceded in showing that if sufficiently strong lights were used, the electror:etrnogi:aphically determincd flicker fusion could be driven up to the
value of the concs. The stimuli naturally had to be very much stronger
than those neccssary for perceived flicker, in :rccordance with the fact
that because of the lalgc central projection area for the fovea, perception responds in terms of cone vision while the electroretinogram tends
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to reproduce rod behavior based on the numerical preponderance of
the rods in the periphery. Fig. 73 is from Dodt's paper and shows a
slowly increasing high-intensity flicker in man, for whom the electroretinogram is well known to be of the E- or, as we henceforth would
like to say, rod-type. This response begins as a monophasic b-b-b-flicker,
but from the third flash it changes type and continues as a diphasic
a-b-a-flicker. Between the tops of the later b-waves one notices a deflnite positive swing, the off-effect. This is very difficult to demonstrate
with a single stimulus. The a-waves in flicker are thus very much larger
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recorded against a background of permanent illumination carried over,
as it were, from one flash to the next. It is in reality one light super-

imposed upon another. In this way the normal rod electroretinogram
can be sufficiently suppressed to release the cone electroretinogram.
Long ago the same change was shown to take place in another mixed
eye, that of the frog (Granit and Riddell, L934).
The fast cone-flicker at high intensities may fuse as an a-b-flicker
or a b-b-flicker. What actually happens is difficult to determine with
the small deflections at the limiting point for fusion. Besides, it is a general effect of light adaptation to make the phasic components of the
electroretinogram faster. Thus, in Fig. 7 4 the frog's eye has been stimulated with L,800 meter candles. There is the initial a-wave, the b-wave,
and the off-efiect or d-wave. The same stimulus is repeated as a brief

t---J

I

Fig. 73. Flicker in high intensity human electroretinogram. Lower curve in
direct continuation of upper curve. Time in 2 sec. Stimulus duration marked
below record. Onset of light downward, cessation upward. (Dodt, Yon Graefes
Arch. Ophthal., 153, 152. 1.952a.)

than with nonflickering stimuli. Here, then, flicker with strong light
serves to "uncover" the off-effect and emphasize the a-wave. These two
phenomena seem to belong together. Very large a-waves are seen on
top of ofi-efiects, larger than against zero activity.

This is well illustrated by record C of Fig. 72, in which reillumination during the ofi-efiect has taken place in the owl's eye. It is seen that
in eyes with off-effects the a-waves (in response to flashes timed to fall
into different phases of the off-efiect) run through a maximum on top
of the latter.
Why is it that flicker can uncover an off-effect and, together with it,
aTargw a-wave than would be normal for a single flash at this intensity
(see the first flash of Fig. 73 ) and thus change the rod electroretinogram
of the human eye into a cone electroretinogram? Part of the answer

is undoubtedly that the high-intensity flickering electroretinogram is

Fig.74. Effect of a short dark interval on the

b-wave produced by reillumination in the frog. l.' original electroretinogram. B.'b-wave produced by a flash
superimposed on the off-effect. C.' b-wave produced by the same flash 10 sec.

of the ofi-effect. Time markingi
8I, l. 1934.)

after the end

l.

Physiol.,

7/2

sec. (Granit and Riddell,

flash on top of the off-effect as B and now produces a quick diphasic
response a-b. The eye was left in the dark for ten seconds and then
stimulation with the brief flash was repeated as C. The effects B and C
of the same flash are vastly difierent; B is fast and the a- and b-phases of
much the same relative height as compared with C, in which the response again has gone morc monophasic and become slow. Similar
changes take place in the human eye, to judge by Dodt's records of
Fig.73. But in this eye they develop on a very much faster time scale,
so that in order to see the a-b-flicker and the off-effect one has to use
fast high-intensity intermittent stimulation. It is possible to produce
b-b-flicker and suppress the off-efiect in the dark-adapted frog's eye,
also, by stimulating at a very slow rate with brief flashes.
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It helps to clarify matters if one considers the responses to flicker of
individual elements isotrated by the micrselectrode technique. These
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cats (def,nitely possessing cones capable of giving the cone spectrum
after light adaptation), and guinea pigs (incapable of doing so). Fusion

have been studied by Enroth (1952). The retinal elernents flicker with

the off-component, if that is dominating, or with the on-component if
that happens to be dominating. If one has isolated an on/ofl elernenf,
it flickers with both on- and off-bursts until the rate has become so fast
that the on- and the off-discharges clash. If the rate of flicker is further increased, either component takes the lead and flicker goes to its
final fusion point as a pure on-flicker or as a pure off-flicker. Fig. 75 is
from Dodt and Enroth's (1953) later work with light-adapted cats.
At slow rates of intermittent stimulation there are responses at both
"on" and "ofi," but as the rate increases the "stronger" off-discharge
takes the lead and at the point of fusion, which is as high as 60.8 flashes
per second, flicker has for some time been a pure off-flicker. (By calling the off-component "stronger" or "dominating" I rnean that its discharge frequency is higher and latent period shorter.) Similarly, if
the on-component has been dominating, flicker will have fused as onflicker. Both on- and ofi-flicker can run up to the same maximum values
of fusion. It all depends upon the nature of the element. Fundamentally,
both can flicker and fuse at equally fast rates. On the notion that fast
flicker is cone flicker, for which more evidence will be given below,
the result means that both "on" and "off" are represented in the cone
system and that both become faster in light adaptation, provided that
sufficiently high intensities be used. The determining factor, as shown
by Enroth (1952) and conflrmed by Dodt and Enroth (1953), is the
impulse frequency in the individual flashes. Fusion frequency is actually
directly proportional to impulse frequency, a remarkable and important generalization considering that fusion frequency, as perceived, is
a measure of brightness. I shall discuss this problem in Chapter 8.
Returning now to high-intensity flicker in the electroretinogram of
the light-adapted cat's eye, we may note that it rarely if ever changes
into a definite a-b-flicker, as does flicker in the human eye with its
greater number of cones, but generally continues up to maximal values
as a b-b-flicker. Occasionally it is possible to detect true positive offeffects (cf. Dodt and Heck, 1954b). Fig.76, from Dodt and Enroth,s
work, shows a flickering electroretinogram in the cat's eye running up
to 50 flashes per second at fusion. Differences in the shape of the flickering wavelets of rod and cone flicker in the cat have since been studied
by Dodt and Heck ( 1954b).
In order to show that the fast flicker actually is cone flicker, comparisons may also be made bet'uveen pigeons (dominated by cones),
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Fig. 75. Flicker response of an on/off discharge of a retinal ganglion cell
during increasing frequency of intermittent stimulation. Top trace indicates light
period upward and dark period downward. The off-discharge is much stronger
than the on-discharge and can be tracad to frequencies higher than those at
which the two components clash. Fusion frequency 60.8 flashes/sec. Light
intensity 7,000 lux. Time trace: 50 cy/sec. OnJatency marked by broken line,
off-latency by dotted line, fusion by arrow. (Dodt and Enroth, Acta physiol.
scantl., 30, 375. 1953.)
frequency is plotted against light intensity for these eyes in Fig. 77.
The pigeon's eye is the fastest, running up to values around 140 flashes
per second; the cat's curve definitely has two branches and the turning
point is around 500 meter eandles at the animal's eye; the guinea pig
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has a very small second branch, the turning point being around 4,0005,000 meter candles. It is quite possible that conelike rods are responsible for the second branch in the guinea pig's curve. For man the electroretinographically determined turning point is around 5-20 m.c. and
the maximum of the second cone branch around 70 flashes per second
at 1,000 m.c. (Dodt and Wadensten, 1954). The two branches of the
flicker-fusion curve have been well known, from sensory work on
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Gecko the maximal fusion frequency was also around 20 flashes per
second. The turning point of the mixed human eye in sensory flicker is,
of course, much lower than in the flickering electroretinogram. Ives
(1912) found it to be around 0.25 m.c., Porter around 0.1 m.c.
Fusion frequency

3
4
Fig. 76. High intensity record (5260 lux) to show the general features of an
ERG flicker response in the light-adapted cat's eye. Top trace indicates light
period upward and dark period downward. The frequency of the intermittent
light is slowly increased and the records form a continuous series. Time trace:
50 cy/sec. Fusion frequency 69 flashes/sec. Urethane-chloralose cat. (Dodt and
Enroth, Acta physiol. scand., 30, 375. 1953.)

flicker, ever since the flrst observations by Porter (1.902). The two
branches of Porter's curve, since repeatedly observed in many laboratories, were ascribed respectively to rods and cones by Von Kries as
ear$ as 1903; he supported this conclusion by experiments on a totally
color-blind (cone-blind) observer. A similar observer has been studied
by Dodt and Wadensten (1954) electroretinographically. Not only was
the second portion after the kink in the curve missing, but at intensities
above 60 m.c., when a maximum of 18 flashes per second had been
reached, the fusion frequency again fell at higher intensities. In the
recent work by Dodt and Heck (1954a) on the pure rod eye of the

Fig. 77. Double_logarithmic plot of fusion frequency of the electroretinogram against stimulus intensity in meter candles. Open circles: cat; half-filled
circles: guinea pig (2 animals); black dots: pigeon. Replotted from data of Dodt
and Wirth (Acta physiol. scand., 30, 80. 1953) and Dodt and Enroth (Acta
physiol. scand., 30, 375. 1953.)

It is clear from all this evidence that the study of flicker fusion provides an excellent approach to hurnan cone electroretinography. The
electrical resonance method (Granit and Wirth, 1953) should prove
useful in this work.
In the belief that intermittent stimulation is in many respects one
of the best ways to establish a cone electroretinography with most mammals-including man, in which rod dominance is the normal state of
affairs-I have discussed this method of "uncovering" the cones in

t72

RECEPTORS AND SENSORY PERCEPTION

considerable detail. The traditional methods are of course light adaptation and determination of spectral sensitivity, by means of which, as
stated above, it is perfectly easy to show that the frog's cone electroretinogram after adaptation to bright sunshine does not differ fundamentally from its rod electroretinogram in the dark. Its spectral sensitivity has, of course, shifted toward the red side. This is the well-known
Purkinje shift (cf. Chapter 4) from visual purple vision with maximum
sensitivity of around 5,000-5,100 A (depending upon corneal absorption) to around 5,600 A.
Man apparently has a sufficient number of cones to give an indication of a Purkinje shift of the spectral sensitivity to single flashes in
light adaptation, as was found by Motokawa and Mita (1943, 1.945).
It can never become very marked because of the rod dominance in our
eye (cf. Bornschein, 1952; Armington, 1953). In cats no Purkinje shift
can be demonstrated by ordinary electroretinography (Piper, 1905).
The electroretinogram in this animal approaches the vanishing point

after light adaptation. HoWever, the microelectrode technique brings
out the shift in a certain number of elements (Granit, 1943c), and so
do Weale's (L954) measurements by direct reflection from the living
eye, as is shown by Fig. 54 in Chapter 4. Flicker has not yet been tried
in combination with a sufficiently intense spectrum, but in view of the
identity of the maximal critical frequencies in cat and man it is more
than likely that the cone b-wave could be uncovered in this way also.
In man Motokawa and Mita (1942) actually found an early and fast
positive wave, shown in Fig. 78, ascribed as coming from cones and
labeled by them the x-wave. Later work by Armington (1952, 1953)
and by Schubert and Bornschein (1952) has identified this wave with
the early b-wave seen by Adrian (1945) and by him definitely proved
to be due to cones. Adrian showed that the initial phases of the electroretinogram tended to be slow and monophasic in the short wave lengths
(blue) and fast and diphasic in the long ones (red). In between,
b-waves made up of a slow and a fast component were noted in man,
pigeon, and monkey (Adrian, 1946) but not in cat, rabbit, and guinea
pig, which have a smaller number of cones. This then established a

method of uncovering cones (at onset of illumination) and was also
in complete agreement with the early work on the electroretinogram
which with different eyes had shown that a- and b-waves occurred in
both cone and rod retinae and rvere faster in the former. The only question that remained uncertain was whether the small a-waves that were
always seen in eyes with rod dominance if the stimuli were strong
enough were or were not a sign of cone activity. It has already been
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pointed out above that the isolated cornea-negative component PIII,
of which the a-wave is the initial part, gave the rod spectrum in the
dark. Later work on the human electroretinogram by Armington, Johnson, and Riggs (1952), Bornschein (1953), and Best (1953a) succeeded in demonstrating beyond doubt that the a-wave, like the b-wave,

couid be split up in a slower rod- and a faster cone-component. The
rod a-wave has since been also confirmed with the pure rod eye of the
Gecko (Dodt and Heck, 1954a). Thus, inasmuch as the initial a-b
sequence of events is concerned, we can now be certain that it occurs
in both rods and cones and that these events generally are faster in the
latter. Further progress, no doubt, can be expected from the use of the

I

Selc

Fig. 78. The fast initial positive response (x) of the human electroretinogram.
Red light, b-wave, and c-wave marked on record. (Motokawa and Mita, Tohoku
J. Exp. Med.,42, 114. 1942.)
flicker method at high stimulus intensities, especially with bright spectra.
There is a considerable early literature on the difierences between rod
and cone electroretinograms in various animals, including man (cf.
Kohlrausch, 1918, 1931a; Grcippel, Haas, and Kohlrausch, 1938), of
which a fairly complete review is given in my summ ary of 1947.
Motokawa and Mita's x-wave * was obtained with the electrode on
the bridge of the nose (Motokawa and Mita, 1.942), which may have
recorded from both eyes, and so some workers, including myself, were
uncertain of its significance, even though f was aware of Adrian,s re-

sults, referred

to above; and Munsterhjelm and I (1937), using a

spectrum, described multiple b-waves in the frog's eye as well as slow
and fast off-effects. However, Schubert and Bornschein (1952), with
the contact glass elcctrode, set out to investigate this question and
soon found that the x-wave could be obtained in the normal, hemeralopic (rod-blind) and deuteranopic eye but not in the protanopic eye.
This was very definite evidence in favor of its being due to cones. Moto+ This work did not become available until after the war.
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kawa and Mita (1942) stated that their x-wave was equally deflnite

in protanopes and deuteranopes. Armington (t952) emphasized the
fast b-wave (x-wave) by using a fast coupling condenser in his amplifier and by this means found an expansion of sensitivity to red light
when determining the spectral distribution of the b-potential in man.
This was absent in the protanopic eye. He also (1953) found the
electroretinograms of two night-blind observers to be less sensitive to
blue light. Taken as a whole, these observations suggest that the fast
b-wave is merely one of several cone components-possibly red cones

only-and that the eye of man, like that of the frog, is capable of
responding with component b-waves of difierent rates of rise and spectral sensitivity, but that those produced by blue-sensitive and visual
purple receptors are the largest of all and therefore normally dominant.
Elsewhere have reviewed the evidence for the connection between

I

blue sensitivity and visual purple sensitivity (1947; cf. Riggs, Berry,
and Wayner, L949).

Recently Best (1953b) has developed an interesting technique of
recording with the same microelectrode-applied to the cat's retinathe spikes and the electroretinogram simultaneously. The 1ight was projected through the microelectrode, and thus an area of less than 0.1 mm.
was illuminated. From difierent places very different types of electroretinogram were obtained. In most records a definite a-wave was seen,
and the spikes appeared to coincide with the rise of the b-wave.

4. The components of the electroretinogranx
The components PI, PII, and PIII were presented in Fig. 71 for the
frog's eye. This interference construction shows the cornea-negative
a-wave to be the early onset of PIII, interrupted by the rise of the
cornea-positive PII responsible for the b-wave. The slow pI responsible for the c-wave has been greatly clarified by Noell (1953). fnasmuch as different latencies and rates of rise are represented among the
responding structures, e.g. the differences mentioned above due to rods
and cones, the fast components PII and PIII of opposite sign will be
split up in a corresponding fashion, since the evidence available shows
them to be associated with, respectively, excitation and inhibition (see

Granit, 1947, 1952b; Noell, 1953). The multiple b-waves and offeffects of the frog's eye were well known in 1937 (cf. above), yet I did
not consider it necessary to include them in the general diagram of the
analysis. The latter was meant to raise the general question of whether
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such components represent homogeneous events in the sense that they
can (1) be referred to definite structures and (2) ultimately be physicochemically explained.
My view in 1947 was that PI and PII probably were such homogeneous events or processes but that PIII apparently represented two
separate events of the same electrical polarity, two components in one.

The difficulties were pointed out in detail, with a full discussion of
alternative localizations and all arguments pro and con the unitary view

of

PIII (pp. 109-tS),

some of which since have been summarizedby

Cobb and Morton (1952). It was explicitly pointed out (Grunit, 1947,
p. 113) that we did not know the final answer to the complicated ques-

tions raised.
The most systematic recent attempt to throw fresh light upon the
components of the electroretinogram, as recorded with standard leads,
is that of Noell (1951, L952a,b, summarized, 1953), which in many
respects has deepened our understanding of the complicated problems
involved. The work has been carried out (under histological control)
with three substances, sodium azide (NaN.), iodoacetate, and sodium
iodate, generally injected intravenously into rabbits.
l. Iodoacetic acid (IAA) abolishes vision and the discharge in the
optic nerve within a few minutes after an injection and, if the spontaneous elimination of the substance is delayed by a second injection,
the effect becomes irreversible. Histological examination of the eyes
several weeks after the injection shows widespread disappearance of
the visual cells, while the inner layers generally are well preserved.
2. Sodium iodate produces a severe reduction of vision, developing

within hours or days. Its flrst and strongest efiect is on the pigment
cells. Histologically, there is widespread deterioration of the pigment
epithelium and degeneration of the outer limbs of the receptors.
3. Sodium azide iniected in as small a dose as from 10 to 20 mg.
produces a slow potential rise of the type and sign of the c-wave,
reaching maximum values as high as 20 mV. The threshold dose is
only 0.005 mg. While judiciously combining the effects of these fairly
selective poisons, Noell followed the retinogram, optic nerve response,
and histological changes.
The principles of the analysis are easiest to comprehend if a beginning is made with its contribution to the understanding of the generation of PI, the slow component responsible for the c-wave, which
Therman (1938) showed could be activated by adrenaline.In 1947
a number of facts were held to favor the view "that PI appears early
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in the chain of events initiated by stimulation of rod receptors" (Granit,
1947, p. 112). This component did not seem to be directly associated
with excitation or inhibition of the impulses in the optic nerve.
Fig. 79, fully explained in its legend, illustrates stepwise injections
of azide while tests with illumination at two intensities are repeated.
The effects on the initial a- and b-waves are of a minor order in comparison with the enormous increase of the slow cornea-positive c-wave.
Azide, as stated, almost instantaneously raises the slow d.c. potential
of the eye, and this effect is independent of whether the receptors have
been previously degenerated with IAA or still are present. Azide cannot therefore act by creating a direct current change referable to the
receptors. Since, however, the c-wave of the retinogram can be tested
only by illumination, it is impossible to use eyes without receptors for
this particular type of test, but iodate can be injected to destroy the
pigment epithelium and, if this is done, azide injections cease to be
effective. Simultaneously, the c-wave disappears. The inference is that
the latter (PI) is dependent on the pigment epithelium, thus on a structure peripherally relative to the receptors and not likely to be of immediate significance for the discharge, except indirectly by the polarizing
currents set up by this comparatively large potential change (Noell,
1953). It may, however, be of considerable signiflcance for the visual
purple mechanism. As such the pigment epithelium can hardly be the
actual seat of PI, because a.microelectrode within the pigment layer
does not record any response ( Tomita, 1 950 ) .
Iodate, in addition, acts on the outer limbs of the receptors, but this
effect is slow. In Fig. 80 the left vertical column shows the initial a- and
b-waves taken at fast sweep speeds, the middle column the full retinograms at slower sweep speeds, and the right column the effect of injections of azide. Under the gradual influence of iodate the c-wave disappears and is replaced by a large cornea-negative slow potential while,
as the right column (bottom) shows, the retina has become insensitive
to azide. The changes in the initial a-b-complex during the same time
are of a much smaller order. This azide-insensitive cornea-negative
potential in response to illumination is apparently present from the
beginning (see below) and revealed by the effects of iodate on the pigment epithelium. Previous degeneration of the ganglion cells by optic
nerve section has no influence on any retinal potential, as is also suggested by the failure of my many attempts (see Granit, 1947) Io influence the retinogram by antidromic stimulation of the optic nerve as
well as by clinical experience (Karpe, i945) with optic nerve diseases
(see also references in Noell, 1953).
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Fig. 79. Effect of azide on the a-, b-, and c-waves. Rabbit. The potential
across the eye is recorded by DC amplifier. The eye is exposed to low intensity
flashes (I-1/100), once every 4 sec. At the illustrated periods the intensity of the
flash is transiently increased 100 times (the two left-side resPonses are with

Ll/100, the following with I-1). Azide is administered intermittently throughout the experiment, resulting in stepwise increases of the DC level. Tracing I
is recorded after the DC potential has been increased by 1.3 mV. from control
value in response to 2.5 mg. NaNr; tracing 2 is recorded 26 minutes later after
a total of 10 mg. has been injected since start of the experiment; 3 is recorded
59 minutes after 1, when the total amount of the injected azide has reached
55 mg.; 4 is recorded 17 minutes later after additional administration of 30 mg.
in 3 injections. Note the additional increase of the c-wave in 4 while DC responsiveness has diminished and the b-wave has beeh reduced. The animal is
anesthetized by urethane and artificially ventilated under curarization. (I'{oe11,
Studies on the electrophysiology and the metabolism of the retina. USAF School
of Aviation Medicine, Randolph Field, Texas. 1953.)
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It

was pointed out above (cf. Figs. 70 and 80) that the electroretinogram often swings toward the cornea-negative side after the
b-wave. In some animals the state of balance between the corneaEFFECT OF
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both a-wave negativity and the azide-insensitive potential fall into the
category of PIII, which therefore would be made up of a fast and a slow
cornea-negative component, just as the opposite cornea-positive potentials are made up of a fast (PII, b-wave) and a slow (PI, c-wave) component.
Turning now for a moment to the old evidence suggesting two components in PIII, we find interesting parallels that should be worked out
by further experimentation. PIII was produced by asphyxia or potassium chloride, and in both cases it was often found to linger on after
illumination and return more slowly to the base line than a receptor
Dog

ro*c-l

t

Fig. 80. Effect of iodate on c-wave and azide response. Rabbit, right eye;
electrodes across eye-bulb, DC amplifler. Left column shows on single sweep
the a- and b-waves of the ERGs of the middle column. The light stimulus has a
duration of 130 msec. Amplification of left column is higher than middle column.
Right column presents the responses to 0.1 mg. NaN, in 2 cc.,injected rapidly
into leg vein; the interruption in the baseline marks the time of azide injection.
Ampliflcation is the same in middle and right columns; the time base difters.
After the control tracings, 3 cc. of a 5/o iodate solution were administered
intravenously. The numbers beside the tracings give the time in seconds after
iodate. Vertical scale is 0.1 mV. units. (Noell, Studies on the electrophysiology
and the metabolism of the retina. USAF School of Aviation Medicine, Randolph Field, Texas. 1953.)

positive PI and the cornea-negative azide-insensitive potential seems
to be displaced in favor of the latter. Fig. 81, from Parry, Tansley, and
Thomson's ( 1953 ) paper, compares dog and rabbit. These authors also
came to the conclusion that their large negative change was not identical with the one responsible for the a-wave. It is evident, however, that
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Rabbit

Fig. 81. A comparison of the electroretinogram of red Irish setter and rabbit.
The upper tracing in each record gives the electroretinogram, and the lower,
the time mark. The light is "on" when the time tracing is displaced upward.
The record shows that the normal positive c-wave of rabbits is replaced by a
negative potential in dogs. Time mark: 0.5 sec. Calibration: 50 rV. (Parry,
Tansley, and Thomson, l. Physiol., 120,28. 1953.)
potential might be expected to do. This was called'oremnant negativity,,
(Granit, L947, pp. 55, 132). The many available records of pure
receptor potentials, as e.9., Frcihlich's of the cephalopod eye and Hartline's (1928) of Limulus (see Chapter 1), showed a relatively fast return to the baseline after illumination and rhe receptor potentials did
not increase during illumination, as did PIII. Also, PIII had the property of practically no adaptation, being easily re-established by reillumination. At the time, however, our interest was directed toward
those changes of potential which showed some correlation with excitation or inhibition in the optic nerve, and so the very slow phenomena
were neglected, particularly in potassium-treated retinae, in which there
was no impulse activity left to correlate them with. However, Fig. 82
(Granit, 1938) shows the slow course of 'oremnant negativity,, in one
of the experiments by Granit and Therman, in which the fast negative
dips of reillumination during the cornea-positive off-effect are super-

180

THE ELECTRORETINOGRAM

RECEPTORS AND SENSORY PERCEPTION

imposed upon a slow negative change. The experiment refers to the
potassium-treated frog's eye stimulated with monochromatic green
light at maximum strength of our Hilger-Tutton monochromator.
Noell's (1953) observations also show that the c-wave has little if
any direct efiect on the optic nerve discharge, and his slow azideinsensitive negative potential does not seem to be directly concerned
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Fig. 82. Original photograph (cathode ray oscillograph) of electrical reof frog's retina after treatment with potassium. l.' exposure of about
4.8 sec.; B: 7.2 sec.; C.' about 12 szc.; D.' off-effect alone after exposure of
60 sec. Rate of recovery followed in B, in which two intervals of 5 sec. each
have been cut away from the fllm. From film C, likewise, part of the electrical

sponses

response is cut out. Time in seconds below. Upper line is photograph

of stimulus.

Note: In record A small positive deflection is clearly visible. Off-effect iinwith length of exposure. In each case a flash on top of it causes a large
negative deflection ("negative notch") which does not reach the maximal level
of negativity of PIII. Early in the same experiment it did reach it. (Granit,
Docum. Ophthal., 1, 7. 1,938.)
creases

with it. For this reason, in addition to others mentioned above, these
slow changes, which in relation to the fast ones are bigger by a factor of
from 3 to 5, can hardly be ascribed to any system placed on the route
of the excitatory or inhibitory disturbance down to the nerve. Noell
locates both in the pigment epithelium, which is in contact with the
outer limbs. These changes play a great role for the resting potential
across the retina.

Differentiation of PIII into an early and a late component with different time constants is also suggested by the efiect of IAA, the substance destroying the receptors. IAA is combined with iodate in Fig. 83,
in which 1 is the control before iodate, 2 the response after iodate
which has removed PI (c-wave) and laid bare the azide-insensitive,

l,
Fig. 83. Effect of IAA on the isolated, slow, azide-insensitive potential. Left
column presents the a- and b-waves of the ERGs of the right iolumn. Both
tracings are obtained with DC coupled ampliflers; the a- and b-waves are recorded with higher oscilloscope gain than the ERG of right column. l: control
12 minutes before administration of 3 cc. of a 5Vo iodale solution; the DC level
is2.2mY.;2: 15 minutes after iodate and 3 minutes prior to the administration
of 20 mg,rkg. of IAA; the DC level is 2.5 mV. 3: 5 minutes after IAA; DC level
is 2.9 mV.; a small fraction of the b-wave has survived. 4: 9 minutes after IAA;
DC level 2.8 mV.; the b-wave has disappeared; a-deflection and slow cornea_
negative wave are preserved.5: 15 minutes after IAA; DC level 2.7 my;
a-deflection and slow negative wave are reduced in ampiitude. vertical scales:
1 mV. units. (Noell, Studies on the electrophysiology and the metabolism of the
retina. USAF School of Aviation Medicine, Randolph Field, Texas. 1953.)
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slow, negative component. At this stage the fast initial changes are
hardly affected at all. Injection of IAA quickly removes the b-wave
(PII) and with it excitation through the retina into the optic nerve, but
the fast and slow negative changes to illumination are present for some
time. The progressive lengthening of the latent period suggests interference with the fast component. The dose was not large enough for
instantaneous removal of any change other than PII.
PI or the c-wave is held by Noell to be the expression of a process of
active ion transport across the pigment epithelium, which thus is of
great importance for the retinal resting potentials (recently studied also
by Wulfi, 1948, and Miiller-Limmroth and Lemaitre,1953). Its allocation to the pigment layer depends upon the experiments and arguments reviewed, in particular upon the inverse correlation between
efiects of the azide injections and the amount of epithelial destruction

by iodate. The azide-insensitive, cornea-negative component is

as-

sumed to be a passive ionic transfer, emphasized when a specific "mem-

brane" function of the epithelium has been destroyed. It is impossible
to go into further details of Noell's theoretical interpretations. Clearly
most important metabolic processes are involved, which probably also
take part in the synthesis of the photosensitive substances in the outer
limbs.
Light adaptation is known to remove PI, but this may now be interpreted as-partly at least-due to a shift in the state of balance between it and the azide-insensitive, slow, negative change. Long ago
(1933) I found that PI in cats could be selectively removed by ether.
This could only be demonstrated by high-intensity resPonses and at a
stage of anesthesia in which low intensity responses still were normal
and wholly uninfluenced. Accordingly, in this species PI must be a
high-intensity response. The c-wave is also known to require flashes of

long duration (see e.g. Dodt, 1951b; Noell, 1953). These simple
modes of approach, consisting of variations of stimulus intensity and
flash duration, which require no drugs, have not yet been sufficiently
utilized for removing slow components. For instance, it is unknown to
what extent the slow negative comPonent in this resPect behaves like
the slow positive one.

Cobb and Morton (1952) and, independently, Rendahl (1952)
have done some work along these lines on man. Very strong brief
flashes have been used, and these emphasize the initial negative a-wave.
Cobb and Morton report a latency as short as from 4 to 7 msec. for
the a-wave (cf. also Einthoven and Jolly, 1908 ). A set of their records
is shown in Fig. 84 for different intensities, illustrating clearly that the
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large negative response may very well consist of two components.
"Notching of the first three phases is considered to be evidence of the
dual nature of PIII suggested by Granit" (Cobb and Morton, 1952).
This method would seem to be the ideal approach to separation of fast
and slow PIIL
The description of the slow components of the electroretinogram
would be incomplete if it were not pointed out that Noell (1953) also
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Fig. 84. Electroretinogram of human eye to photoflash at the intensities
marked beside records. (By courtesy of W. Cobb, National Hospitirl, London.)
has found slow reversals of these changes at cessation of illumination,
but for these the reader is referred to the original paper. It is impossible
to take up here the whole of Noell's extensive work, which is richly
documented and charged with perspectives for future experimentation,
particularly with regard to retinal metabolism and mechanisms of ion
transfer in relation to changes of potential.
It is, however, of some interest in view of the connection between
the fast positive and negative potentials with excitation and inhibition,
to consider his evidence for allocation of the a- and the b-deflections,
PIII and PII (in Noell's sense), to specific structures. Noell identifies
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his two opposite "fast" potentials with PII and PIII, and distinguishes
them from his two opposite "slow" potentials, one of which is PI. Removal of the fast negative and positive components by IAA, which
destroys the visual cells, is perhaps not so easy to interpret because
absence of receptors means that stimulation by light is impossible.
Iodate influences the receptors more slowly and selects the outer limbs,
which in the histological pictures appear degenerated. In Fig. 85 (boG
tom) are presented the normal controls of the a-b-complex together
with the same responses four days after the injection of iodate. A and
B (above) are the histological controls of the eyes of the iodate-treated
animals, from which the responses I and B (bottom, on the right) were
obtained just before removal of the bulbs on the 4th day. Noell rightly
draws attention to the "surprising discrepancy between the maintenance of the electrical reaction in response to illumination and the
severity of the rod damage" in the eye of an animal such as the rabbit,
for which the response actually is dominated by rods. We have seen
above that a very large number of receptors is necessary for the recording of an electroretinogram. The whole literature on visual purple in
the retina (summarized, Granit, 1947) goes to show that this lightsensitive pigment is found only in the outer limbs. The records and
slides of Fig. 85 would be wholly unintelligible if any mechanism responsible for PII were a membrane potential across boundaries in
the outer limbs of the receptors. Indeed, it is difficult enough to understand how visual purple can exercise its effect on what is left of the
receptor, but it may well be that very little of this extremely lightsensitive substance is required for stimulation with supramaximal stimuli. After all, only a few quanta are needed for a threshold effect (see
above, Chapter 4, sec. 6).
In one monkey Noell (1953) also destroyed the central ophthalmic
artery aseptically, so that the vessels collapsed and immediate blanching of the retina occurred. Three weeks later the electroretinograms of
both eyes were recorded and the injured eye removed. Both a- and
b-waves were present, the latter reduced to a third or a quarter of its
original size, the former very much less reduced but slower. The sections showed reduction of the bipolar nuclei and degeneration of the
ganglion cells. The visual cells were entirely normal, the outer nuclear
layer had normal width. Fundamentally, this retina was capable of
giving fast PII and PIII, the latter much better preserved, which fact,
together with the evidence of Fig. 85, limits the generation of PII to
the outer plexiform layer and, at the other end, to lhe inner limb of the
receptors, while PIII in accordance with earlier evidence and Noell's

A

B

A

A

B

Fig. 85. The two reproductions of retinal sections (1, B) show visual cells
and ERG from two animals on the 4th day after iodate administration, the
control electroretinograms of which are A atd B. Hematoxylin-eosin y 770.
ERG was recorded by cotton thread electrodes from the cocainized cornea.
The animal is unanesthetized. The right column gives the ERG tracing on the
4th day just before enucleation. Same amplification and sweep speed as in the
control. (Noell, Studies on the electrophysiology and the metabolism of the
retina. USAF Schoo1 of Aviation Medicine, Randolph Field, Texas. 1953.)
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results probably is located further toward the receptor end than PII.
The most striking result, however, is the fact that the intact visual receptors in this experiment, to be compared with the one of Fig. 85, produce
so little PII. In Noell's own words: "It is unequivocal in revealing that
the sensory organelles-isolated from functional processes within
proximal portions of the pathway-are unable to generate a normal
b-wave potential."

Noell accordingly concludes that his assumption

that the inner limbs are an essential element for the manifestation
of a- and b-waves must take into consideration that physico-chemical
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temperature. Tachycines, however, cannot follow faster rates than
20-30 ffashes per second. If the ganglionic layers, including the one
nearest to the receptors, are removed in Calliphora (Autrum and
Gallwitz, 1951), its eye reacts with the monophasic response of Tachycines. This confirms an experiment of the same type in our laboratory
by Bernhard (1942) with the similarly responding eye of Dytiscus.
Autrum and Gallwitz, however, proceeded to remove the different
ganglionic layers stepwise while determining the fusion frequency. The
intact eye gave a flicker-fusion frequency of around Z1Ofsec.; after
removal of two of the ganglionic layers this value fell to l7ofsec.,

changes in the vicinity of the inner limbs seem equally important
in producing these electrical reactions and that consequently the
inner limb can only constitute one 'electronic' element of the current produced. fn case of the a-wave, current flow would probably

not develop without specific reaction at the linkage between inner
and outer limb, and similarly a b-wave current probably does not
ensue unless structures proximal to the inner limbs [i.e. outer plexiform layerl participate in the excitation process.

It

is, of course, necessary that the large currents recoided as electroretinograms in response to light be set up by simultaneous excitation
of a number of closely packed elements of the same kind and orientation. Bartley (1941.) suggested that the bipolars are this pathway, but
Noell's evidence points to the inner limbs of the receptors and the bipolar cells. At the same time, his results serve to explain the difficulties
raised by the integration of "area" into the electroretinogram, discussed
above, as well as the work showing sensitivity of PII to several substances known to attack central nervous structures. Noell's results do
so by emphasizing that for normal fast PII potentials the nearest plexiform layer is of greater importance than the outer limb of the receptors.
Noell's work suggests an interesting relation to some observations
by Autrum (summaries, 1951,, 1952) on insect eyes, which from a
wholly new angle raise the question of the physiological significance of
the neural layers behind the receptors. There are two extreme types
of insect eyes, the electroretinograms of which are illustrated in Fig.
86, from Autrum's work. One type, represented in the figure by Tachycines, gives a very simple cornea-negative response to illumination,
the other, Calliphora, a positive-negative deflection to a flash and in
addition a complex ofl-response at cessation of illumination. To the
latter type belong flies and bees, which Autrum finds follow highintensity flicker up to 200-300 flashes per second, depending also upon

Fig. 86. Electroretinogram of Calliphora (a, b) and Tachycines (c, d). Stimulus duration in a and c 1 sec.; in D and d 1/20 sec. (Autrum, Naturwissenschaften,
39, 290. 1952.)

although the eye still gave complex responses to "on" and "ofi." When
finally the pure monophasic receptor response had been isolated by
removal of the nearest ganglion layer, the fusion frequency was only
1O/sec.

These results suggest that the ganglionic components play an essential role in fast flicker. A remarkable confirmation of this conclusion
was obtained with Aeschna cyanea. At the larval stage the first ganglionic layer is found at a distance from the receptor layer, the response
to illumination is monophasic, and the fusion frequency is around 40.
In the course of the insect's development to imago the first neural
layer approaches the receptors, ultimately to become located just below them. The fusion frequency is then found to have risen to 175 and
the response has become diphasic. Autrum concludes that the electrical processes in the ganglionic layers serve to restore the capacity
of the receptors to respond to light, and he develop: a tentative hypoth-
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to explain how this occurs. For details I refer to his summaries.
The important points in this connection are: his actual evidence for
interdependence of potential changes in adjacent retinal layers, the
demonstration of a definite functional role for this interdependence,
and many suggestions for further work entailed in the results. The
qsis

parallel to Noell's observations on a retina degenerated from "behind"
is obvious and suggestive.
Are there any other results with vertebrate eyes that should be recalled in this connection? Long ago Creed and I ( 1933) , while studying flicker in the cat's eye, removed the positive component PII with
ether or asphyxia. We found the remaining negative PIII incapable
of flickering. The result was surprising and inexplicable. It may be that
the pathological condition had been carried too far by these methods
of interference, so that only the slow cornea-negative component remained, but "the possibility that FII and PIII interact, when present
together, is not excluded" (Creed and Granit, 1933, p.430). In the
frog's eye a PIII isolated with urea (Miiller-Limmroth, et al., 1953b)
seems capable of flickering, but there again one must raise the question
of whether it actually was whoily free of PII and whether, if so, different
methods of removing PII have a different effect on PIII, depending
upon what they do to the nearest neural layer. Zetterstr<im (1951)
has made the interesting observation that the electroretinogram is absent in newborn children and slowly increases in size during the first
6-7 months, to become normal (initial phases studied) at an age of

around 12 months.

In prematurely born children it may last up to

a fortnight before any response to light appears (Zetterstrcim, 1952).
The small electroretinograms of infants are also slow and wholly mono-

phasic (b-waves). They cannot follow the fast flicker of the fully developed response (Zetterstrcim, personal communication). Histological
controls are not available, but at the outset it seems difficult to account
for such results on the notion that the receptors-if they generate PII
and PIII-would be deflcient for half a year.
These observations are mentioned because they suggest that Autrum's idea of a kind of electrotonic feedback control of one layer by
another deserves to be followed up experimentally in vertebrates. Such

control would, indeed, provide a raison d'Atre for what now appears
merely as a freak of nature, namely the addition to the retina of a
nervous center that otherwise might just as well have been placed further "upstream" together with all other nervous centers. Electrical
feedback mechanisms, a1l of which are run by nervous loops carrying
impulses, are discussed in several places in these lectures (particularly
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effects may be carried equally

wellby

electrotonic currents. I would not be surprised if work along these
Iines would soon be rewarded with success by the opening of a new
chapter in electroretinography and lead to deeper understanding of
the mode of function of our noblest sense organ.
For the sake of completeness it seems necessary to refer briefly to the
attempts to study the vertebrate retina with penetrating microelectrodes
under microscopic control, initrated by Tomita and his collaborators
(Tomita, 1950; 1951-52). This line of work has since been taken up by
Ottoson and Svaetichin (1952) and Noell (1953). At the moment there
seems to be little agreement between the various workers, making it exceedingly difficult to review the results. Tomita and his collaborators, as
well as Noell, critically discuss the volume conductor and the dfficulties
arising from the fact that all active cells are the seat of potential changes.
They are also fully aware of the differences between the recording of a
mass response and a more or less puncfual lead, while Ottoson and
Svaetichin identify the two and state that cones and rods produce monophasic potentials of opposite sign, which means identifying the positive PII
with the rod response and the negative FIII with the cone response. Since
it is well known that pure cone as well as pure rod retinae respond with
both PII and PIII (see above), it is difficult to know just why they have
lost the cornea-positive part of the cone response and the cornea-negative
one of the rods.
In order to indicate briefly the nature of the difficulties encountered, some
further comrnents might be made. Tomita, for instanee, in pushing his microelectrode in from the side of the vitreous, finds that the a-wave goes through
a minir,nurn of potential, then disappears, and finally, on the other side of
the bipolar layer, reverses its sign. On this basis he suggests that the microelectrode has approached, reached, and passed an electrical doublet in the
bipolar layer, which is contradictory to Svaetichin's notion that the a-wave
is part of a pure cone potential originating in the receptors. Svaetichin
(1954a,b) and Ottoson arrd Svaetichin (1954) have also inserted fine microelectrodes from the receptor side of the eyes of flsh (cones and rods) after
scraping away the pigment layer. Their microelectrodes, finer than those
of Tomita, cause less damage but may easily bend, and since the distance
between the two limiting membranes is only 1.70p, of which near the m.
limitans externa 30p is occupied by the bipolar cells, it is difficult in the
absence of controls to be certain about this point. Ottoson and Svaetichin's
(1954) diagram (their flg. -5) actually shows that when a microelectrode
against a second electrode on the surface of the receptor layer

-recording
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pushed into the retina, the response begins

-is
a point 100p, from the inner limiting membrane.
be no reason

for

to diminish rapidly from
At this point there would

a pure receptor potential to decrease, whereas this clearly

Chapter 6

if

the response were dependent upon both bipolars and
receptors considered as "electronic elements" in Noell's sense. This result
does not therefore seem to support their inference, which is that the elecwould happen

troretinogram originates in the receptors only. There can be no doubt whatever, of course, that receptors are electrically active, but it requires strict
experimental comparisons between macro- and microleads before events
in the two can be identified. Svaetichin (1,954a) concludes that in pushing
his microelectrode into a flsh retina in which the pigment layer has been
scraped away, he is recording the response of single cones. A very curious
finding in this work is two kinds of "contact potentials," "expression of the
characteristics of the material in the cell wa11." There are both negative
and positive surface materia, the negative materia on the outer segment
of the receptor, the positive on the inner segment. The cone potential, which
is a membrane positivity generating impulses (in contradistinction to results by others reviewed in Chapter 1), appears mainly at 4Oy. and 70pr.
What makes it so dfficult to interpret this work is the fact that it differs
from, say, Kat/'s experiments (Chapter 1) in that the electrode tips are
invisible. Yet Svaetichin claims to establish differentiation by 30s,. Concepts such as negative and positive surface materia, which are unique in
the steadily increasing literature of work with outside and inside microelectrodes, suggest bending of the electrodes, bending of the receptors
(left over after removal of the pigrfient), or simply variations of resistance
(uncontrolled) in the small microelectrodes, with consequent variations
of grid current. It would also seem more natural to study the cone action
potential in a cone eye rather than in a damaged mixed eye. Ifowever, it
seems certain that the opposite potentials, recorded from 1865 onward
by so many experimenters (discussed in the last section of Chapter 1),
also can be obtained by microrecording within the receptor layer. As such,
the microelectrode is as sound an approach as any other, although it should
be realized that it is elective and fails to provide answers to many of the
problems raised by Autrum's and Noell's work reviewed above.

Muscle Receptors and Their Reflexes
1. Introduction
TnBnB are several reasons why, in my desire to present one system
of input-output relations with relative completeness, I should choose
muscle receptors and their reflexes rather than e.g., skin or vestibular
organs. First of all: with my discussion of this field I want to pay a
tribute to the memory of my teacher, Sir Charles Sherrington, who
has a greater right than any other physiologist to be called iis pioneer
and founder. The early fundamental results were presented in his Silliman Lectures deliverld 50 years ago (published 1906), but many
important observations were made later-indeed, as late as 1925 by
Liddell and Sherrington. Again, problems of muscular receptivity and
muscle reflexes have for something over a decade interested several
laboratories in the United States as well as my own laboratory and
for this reason, too, the theme seems fitting. Finally, we have a considerable number of new facts to weld into a preliminary integration,
and it would seem of some interest to point out the deficiencies in our
knowledge.

In 1945 the problem of centrifugal or motor control of muscle
afferents was raised from a new angle in a thesis from our laboratory
by Leksell. In this work he presented his discovery that the small
efierent fibers in the ventral roots of mammals did not, when selectively stimulated, set up contractions but merely caused afferent firing
from the muscle sense organs. This, of course, means that phasic and
postural reflexes, spasticity, rigidity, etc. must be reconsidered from
the point of view of the mechanism of efferent control. These questions
will be discussed in Chapter 7.

2. The histological basis
More than 100 years ago the muscle spindles, according to Ruffini
,tr"t, (1851); in Ruffini's (1898)

(1898), were discovered by

