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A. - INTRODUCTION. POSING OF THE PROBLEM 

The first work puhlished on this matter bore tbe signature of KOLLE 
and OTTO (1) and was carried out at tbe Ins titute for Infectious Diseases in 
Berlin, tben under tbe directorsbip of RoBERT KocH. It may be stated tbat, 
after tbe lapse of 61 years, the investigatious, few and far between, bave 
not been sufficiently enhanced as to their value by text-book authors. One 
of our difficulties is to explain why the r esearch work bad no continuity 
and its value was not duly appreciated. Tbe few autbors interested in the 
antigenic and serological study of Staphylococcus bave used the precipita 
tion and agglutination reactions. 

JuLIANNELLE and WIEGHARD (2•3) , THOMPSON and KHORAZO (4), CoWAN (3) , 

Honns (6), STERN and ELEK e), and VrSCHER (8) were tbe autbors who 
devot ed tbemselves to antigenic study tbrough precipitation reactions. 
Most of their work must have been performed with irregularly absorbed 
sera and nowadays the method has been almost entirely abandoned as re
gards Staphylococcus classification. 

The agglutination method, whicb, as wc stated, appeared in 1902, was 
especially studied by JuLIANNELJ.E (9), HINE (1 0), CowAN (11) , CHRISTIE and 
KEOGH (12), Honns (13), PILLET (14"20) , 0EDING (21-26) and GRtiN (2 9-3°). Each 
of tbese authors, on completing bis investigations, thought he bad demon
strated through a varying numher of Staphylococcus aureus strains isolated 
from patient s, tbat his method was efficacious in practice to distinguish 
between these strains and classify tbem . However, year after year, students of 
bacteriology bave no t found this matter duly enhanced in t extbooks, and this is 
stili the situation today. One migbt be led to suppose. that a manifest discredit 
has attended the serological study of staphylococr:i throughout tbe years. 

The first important modern work is due to COWAN (11), who discarded 
tube agglutination and adopted slide agglutination instead, wbich is casier 

(•) Conferenza t enuta nei Laboratori di Microbiologia dell'Istituto Superiore di Sanità 
il 5 aprile 1963. 
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to perform and more accurate. Though tbc reading of t h e agglutination was 
effected over a comparatively long period (3 minutes), CoWAN came to the 
conclusion that there are three types of Staphy lococcus aureus, viz., I , II 
and III. CHRISTIE and KEOGH (12) described six types more which are indi
cated by means of Arab fìgures, from 4 to 9, and HoBBS (13) increased to 13 
the number of standard typ es. 

HoBBS, who rightly h eld t he opinion t hat in Cowan's t echnique therc 
were numerous defìciencies preventing the reproduction of t he results, failed, 
however , to bring about the n ecessary ch anges in the t echnique. Sh e tried 
to prove that each one of the thirteen standard staphylococci may originate 
a sp ecific serum of a comparatively high titre. This techuique was not widely 
accepted b y bacteriologist s, and HOBBS h erself ended by discarding it. 

The con clusion is that COWAN, CHRISTIE and KEOGH, and HoBBS pro
duced useful work using deficient t echniques; their merit is great indeed, 
but at the same time the inaccuracy of the method they adopted prevented 
its generai acceptance . 

Between 1950 and 1955 PILLET and collaborators (14-2°) published severa! 
papers without bringing about improvements in serological technique. Their 
merit consisted in their having considered the existen ce of a common antigen 
whose quantity is unequally represented on the surface of severa! strains of 
Staphy lococcus. 

Since 1952 PER ÙEDING has publish ed severa! papcrs and has often 
changed his t echnique a nd his concept of classifìcation. Initially (1952) h e 
considered the antigenic group factors a, b, c and e, and the specifìc factors 
f, h, i and k. The main types were represent ed as follows: abe, ab , abc. In the 
following year, after the description of 0-inagglutinability, ÙEDING stated 
that most Staphylococcus strains h ave antigens h and i. In 1957 h e ceased 
to perform agglutinations with living and with autoclaved b act eria. He 
started to use livin g bacteria only, a fter 5 honrs' incubation, because h e 
thought it could be concluded that superfìcial antigens i and h d evelop much 
more slowly than the deep ones. In 1958 ÙEDING defined n ew groups in rela
tion to antigens e, i and k, which h e considered as determinants. We believe 
that this last paper clearly shows ÙEDING' s preoccupation in obtaining many 
different agglutinations like t hose exemplified in formulas (abe)k, (aeh)k, 
aek , a(b)eh(k), aehk, et c. As this t echnique does not allow of su ch distinc
tions, it appears that ÙEDING's attitude is open to criticism, although h e 
has always b een very faithful to t he serological method. 

B. - PE RSONAL SEROLOGICAL TECHNIQUE ANO ANTIGENI C ANAL YSIS 

I. A ntigenic loss variation. - When ab out eight years ago we began to 
study the antigenic analysis of staphylococci, we t ried to obtain sera after 
inoculation in rabbits of various standard s trains. We used, besides t he t hir-
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t een international types, numerous recently isolated British and Portuguese 
strains. Using only immune sera prepared from the thirteen classica} types 
(CowAN, CHRISTIE and KEOGH, HoBBs) , and after a variahle degr ee of absorp
tion, we did not succeed in identifying or ohtaining agglutinations with 
recently isolated strains from various pathological processes. Only when we 
hegan to use as immune sera-producing types the recently isolated British and 
Portuguese strains could we easily verify the agglutination of most of the 
iso1ated strains in the routine bacteriological examinations. 

The phenomenon of antigen loss variation which was described in 1961 
by ToRRES P EREIRA (31) explains all the difficulties and misfortunes which 
made us stumhle at the heginning of our work. The phenomenon involves 
two of the main antigenic factors we described and which we designate by 
numhers 13 an d 17. In hrief, the phenomenon consist s in the following : most 
of the recently isola t ed strains possess either antigen 13 or antigen 17. These 
strains, after heing suh-cultivated many times on nutrient agar slants, lose 
the descrihed antigen 13 or 17 and usually reveal another one, resp ectively 
antigen 3 or antigen l. Antigen 3 and antigen l are the main antigens pre
sented nowadays by the Collection t ype strains Cowan III and Cowan I. 
W e believe that lack of knowledge of the two variations (17 - +- l an d 13 - • 3) 
must have adversely affect ed the serological work of other authors. B eing 
known that factor 17 exist s in over 40 per cent of recently isolat ed strains 
and factor 13 in about 20 per cent, it will be r eadily understood how important 
the knowledge of antigenic loss variation is for the estahlishing of any sero
logical t echnique as regards staphylococci . 

T.ABLE L 

Loss varlation of antigen 13 in recently isolated s lrains 

Xumbor Ol'iginal Antigonic 
V! .. 'illtiOn obsorvcd Fina l a n tigc n ic 

Stra in orte •· 
of ~uhculturcs bcbaYiom· bchaviour 

::-<. • of t•·•ws(<'r 

l 
37593 30 13 + 3- 13 13- 3-
38328 30 13+ 3- 10 13- 3+ 
41147 30 13+ 3- ll 13- 3+ 
41355 30 13+ 3- 13 13- 3+ 
42062 30 13+ 3- 12 13- 3-
42094 50 13+ 3- 7 13- 3+ 
42136 30 13+ 3- 9 13- 3+ 
43236 31 13+ 3- l O 13- 3+ 
45142 40 13+ 3- 9 13- 3+ 
46112 40 13+ 3- 25 13- 3+ 
46449 40 13+ 3- 6 13- 3+ 

. J ull. !~l. Su}Jcr. Sau i l ri (l9G.j) 1, 487-~9!1. 
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In Table l this phenomenon, encountered in a group of 11 strains of 
staphylococci just isolated from pus, sputum, stools and nasal secretions, 
is dcscribed. Generally speaking, about lO claily transfers were enough to 
bring about the disappearance of antigen 13. Antigen 3, which appears al
most invariably after the clisappearance of antigen 13, may represent an 
alternative in relation to the genotype which is also responsible for antigen 
13. W e were never able to demonstrate the presence of antigen 3 in an occult 
form in bacteria with agglutination 13, even though appropriate techniques 
were used. The same applies to antigens 17 and l. In nature, strains of 
Staphylococcus would generally be provided with antigen 13 or 17. After 
antigenic variation, they occur respectively as 3 or J. This explains why 11 
of the strains that constitute our basic set (see further on) made up of 23 
Staphylococcus strains reveal factor l , although the latter is only exceptio
nally found in strains reccntly isolated from patients. W e accept that most 
of the strains that constitute our basic set were provided, when they were 
isolated, with factor 17, but in the course of several years and after hundreds 
of transfers this factor was lost and r eplaced by factor l , which apparently 
is stable. 

In collaboration with Prof. R. E. O. WILLIAMS and Dr. PATRICIA ]E

VONS we further demonstrated through phage typing that the strains which 
underwent the phenomenon of loss variation did not show any alteration 
of phage reactions. 

Table 2 shows that in 7 pairs of strains that experienced antigenic 
variation (four 13 -• 3 and three 17 - • l) only two presented small cliffe
rences in the reactions to bacteriophages. 

II. Agglutinin removal sequence. - Before summing up our serological 
t echnique, it is indispensable to draw attention to this other phenomenon, 
which explains that the agglutinating properties of a serum in relation to 

TABLE 3. 

Serum anti-Cowan III absorbed with strain Chrlstie and Keogh 8 

l l lnternational types 
.-l.bsorption9 in snccession 

l ~ l 2 1 14 1 16 17 !sJ l J n J ~~ 1- 3 5 9 lO 

' l l 

l 
B efore a bsorption + + + + + + + + + + ' + + T 

l 
After }st a bsorption - + + - + - - - (+) + + - ? 

l After 2nd absorption - - + - (+ ) - - - - + - - -
l After 3rd absorption 

i= 
- + - - - - - - + - - -

l After 4th absorption - (+) - - - - - -j (+ ) - j- -

A nn. I st. Stt)Jcr. Sanità (1965) 1. 487 ·499. 
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severa! heterologous strains varied a fter severa! successive ahsorptions using 
always the same ahsorh;ng strains. 

In tahle 3 we find an instance of this phenomenon which is respon
sihle for the fact that different lots of the same immune serum reveal, after 
ahsorption, different agglutinating properties. This fact may have heen at 
the root of many failures in the work of severa! serologists. In order to cha
racterize an ahsorbed serum it is not enough, therefore, to refer to its beha
viour in relation to the homologous and to the absorbent strains. For this 
rcason it b ecame necessary to standardize the absorption technique. For this 
purpose, we have defined a b asic set composed of 23 Staphylococcus strains, 
each specifìc serum h eing considered as ready for use if it agglutinates only 
certain bacteria of the basic set . 

& may be seen from table 3, after the fìrst absorption it may be con
sidered that the serum has been absorbed in relation to the absorbing strain 
CHRISTIE and K EOGH 8. However, as we perform new absorptions, always 
with the same absorbing strain, we note that other heterologous agglutina
tions disappear gradually. 

At the end, we obtained in some cases really specific sera, while in others 
ali the agglutinins of the sera are exhaust ed. This is yet another example 
of the diflìculties of the serological t echnique of the staphylococci. 

III. Preparation o( immune sera. - For the preparation of immune sera 
the first inoculations of the rabbits are done with formalin-killed suspensions 
of Staphylococcus and later with living suspensions. Absorbed sera are always 
used since, generally speaking, all immune sera, and even the sera obtained 
from non-inoculated rabbits, agglutinate most Staphy lococcus strains, al
though different dilutions may be needed. The absorptions are always done 
with serum diluted to l: 5 and are effected with living bacteria in a water 
bath at SOo C for four hours. In order to consider a serum as absorbed, it is 
indispensable that we defìne the properties we ascrihe to it. To define the 
technical conditions of absorption, we selected a set of bacteria to which 
we gave the name of b asic set , constituted by 23 strains. W e only consider 
a serum as absorbed and ready for use in agglutination t ests when it behaves 
in a defined way in relation to the bacteria of the basic set independently of 
'\\hat regards the agglutinations with the homologous strain and the ahsorbent 
strain. Thus, when, after the fìrst absorption, a serum ceases to agglutinate 
the absorbent strain, we go on carrying out ncw absorptions until tbc beha
viour of the serum in relation to tbc basic set is the one wc defined. At the 
start, the basic set was constituted only by the thirteen international stan
dard strains, but later on it was constituted by 23 strains to which we gave 
the following numbers (32) : l , 2, 3, 4, 5, 6, 7, 8, 9, lO, 11, 12, 13, 14, 15, 16, 
17, 18, 22, 29, 33 , 38 and 50. Thus, for instance, a specific serum for factor 3 

Ann. I st. Super. Sanità (1965) 1, 487 -499 . 
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is considered as prepared when, after one or many absorptions, it only 
agglutinates strains 3, 33, 38 and 50. 

IV. Agglutination technique. - After som e experience with the t echnique 
of tube agglutination, we have discarded it and adopted exclusively the slide 
technique, which provides r eproducible results when investigating strong 
and immediate agglutination r eactions which must not exceed 30 seconds. 

V. I dentijìable antigcnic factors. - The following are the antigens we 
have identifìecl with the present t echnique, in which the personal factor is 
practically n egligible : l , 2, 3, 7, 11, 13, 17, 18 and 51. These fìgures regard the 
standard strains . The fìrst six are identified with sera obtained with classica! 
standard str ains: COWAN l , CoWAN Il, COWAN III, CaRISTIE and KEOGH 7, 
HoBBS 11 and HoBBS 13, and the t hree last r egard strains isolated in Portu
gal , the two fìrst from staphylococcal pneumopathies and the latter from 
urinary infection. 

\V e represent the absorptions by an expression of the ajb t ype where 
a stancls for the serum to b e absorbed and b for the absorbent strain . The 
fìgures that follow the said expression indicate the standard strains with 
which the serum stili agglutinates at the moment wh en it is considered as 
adequately absorbed. 

The following are the normal results of the current absorptions : 

1/33 = l , 4, 5, 6, 8, (10), (11), (12), 14, 15, 16, (17), 22. 
11/33 = 2, (9). 
111/7 = 3, (33), 38, 50. 
7/ 22 = 7, 9. 
11/13 = (10}, 11, 12. 
13/111 = \6), (7) , (8), (13) , (29). 
17/1 = (5), (14), (17). 
18/33 18. 
51/33 = 51. 

The value of a ll these absorbed sera to identify the antigens of the 
just isolated strains is very unequal. With the exception of antigen 51, 
which could only be observed in the strains responsible for urinary infections 
(ToRRES PEREIRA (33) , only antigenic factors 13, 17 and 18 are important 
among all the oth er antigenic factors. Twenty per cent of recently isolated 
s trains show antigen 13, 40 p er cent antigen 17, about lO per cent (in intra
hospital conditions) antigen 18 ; 20 per cent cannot be classified, and the 
remaining 10 per cent present other an tigens. 

Antigen 51 is encountered as a rule in the strains of S taphy lococcus albus 
that give rise to pyuria. 

Ann . 1st. Super . Sanità (1965) 1, 487·499. 
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VI. Representative serological types . - Table 4 indi cat es the repre
sentative serological types. 

T ABLE 4 . 

Serological « Types » 

l 

s 
l Serological Serologica.l Phage • Typiug • tra-ins l Origin • Type , R.E.O. Williams • Type • 

Per Oeding Torres Pcreira. 
l 

37431 urine l acehik 
l 

7/77 + l 
37789 pus abcehik 42B/47C/8 l l 

l l l blood and blood 
35955 

l 
a(b)ceik l 81 l marrow sam e 

35956 patient ace(h)ik 42B/47Cf81 l 

376 28 p harynx l a(b)cehik 52/ 80 + 17 
37669 pus l ace(h)ik 47C + 17 
34561 pus a(b)eehik l NT 17 
36477 sputum acehik 29/52/52A/ 80 17 

35146 pharynx NT 3 
35692 urine 

l a beh 83vw 3 
34900 wound l abcei 54 w 3 

37593 l 
stools and urine 

l ab c 

l 
42B/47C + 13 l 

37594 same patien t ab c( h) 47/53/ 75/ 77+ w 
l 

13 

37664 no se l (bi) 29vw 13 

28/ 1 eye l T 83 18 l ! 28/2 l phar ynx NT 83 18 
28/ 3 l no se l JT 83 18 
28/5 

l 
blood - T 83 18 

28/ 16 pharynx T 83 18 
28/21 eye l - T 83 18 

This t ahle deals with the classifìcation of 20 strains . Since t hese strains 
were not grouped according t o their common origin, it h as n ot b ecn p ossible 
t o reach an agreement among the results of 0 E DING, WrLLIAMS and our own. 

In this t able we describe 5 different factors only, wher eas 0 E DING 

presents 8 or 9 different anti genic formulas, and WrLLIAMS ll bact eriophage 
types. 

The fìrst 883 Staphy lococcus aureus strains that we studied had the 
following distribution for the v ariou s antigens we su cceeded in identifying : 
34.3 p er cent (antigen 17); 23.7 per cent (antigen 13) ; 13 per cent (an tigen 18) ; 
6.7 p er cent (antigen l) ; 3.9 per cent (antigen 3) ; other reactions or non
classifìed strains 17.9 p er cent. 
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C. - CORRESPO "DE 1CE BETWEEN ANTIGENIC CO STITUTIO A::\"D SENSI
TIVITY TO A TIBIOTICS 

The number of sensitivity patterns can be r estricted to 6, in which are 
included ali the 2,143 Staphy lococcus strains studied from 1955 to 1960. 
Pattern A bacteria reveal r esistance only to penicillin and streptomycin. 
If a strain reveals sensitivity to chloramphenicol, erythromycin and novo
biocin it is included in pattern B. In pattern C, the bacteria are r esistant to 
penicillin only, in pattern D they are sensitive to all antibiotics, and in pat
tern E they are resistant to streptomycin only . Pattern F, which is rarely 
found, reveals resistance to the three tetracyclins only. AH those patterns 
can show exceptions (32) . 

The main patterns defined b y us may be dynamically r elated as observed 
in Table 5. 

TABLE 5. 

Origin of different sensitivity pattems from heterogeneous «Staphylococcus» populatJons 

""' """"''1 
PATTERN 

c 

PATTERN 

o ~"' "'' "0"'"" 

PATTE AN 
E 

"'" ""'""'"~ /.."' ""''""" 
PATTERN 

A 
l 

A F TER TE TRAC YCL IN 

t 
PATTERN 

B 

Thus, a strain originally sens1t1ve to all antibiotics (pattern D) may 
eventually originate all the other patterns. After contact with penicillin, 
pattern C may appear, an d &o m this o ne, after conta et with streptomycin, 
pattern A. If the strain is initially in contact with streptomycin, pattern E 
occurs, and from the latter, in its turn, pattern A is derived after contact 
with penicillin. From pattern A, which thus had its origin in pattern D 
(after passing through pattern C or pattern E), pattern B may finally r esult 
after contact with tetracyclin. In ali cases, it is always a question of a selective 
action and of the attainment of less heterogenous populations starting from 
others which are more heterogeneous. 

Antigen 18 was found in 82 Staphylococcus aureus strains, and all without 
exception jbelong to combination 18B. Referring to the above-propounded 
mode! of versatility of sensitivity to antibiotics, and since we have never 
come across combinations 18D, 18C, 18E and 18A, we conclude that 
bacteria having antigen 18 are necessarily resistant to p enicillin, strepto
mycin and tetracycline. 
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Applying to antigen 17 the sch eme of versatility of antibiotic sensitivity, 
we obtained the following percentages for t he various combinations: 17D, 
19.1 per cent of the strains with antigenic factor 17 ; 17C, 13.1 per cent ; 
17E, 6 per cent ; 17 A, 50 per cent; and 17B, 11 .6 per cent. In conclusion, 
about 20 per cent of the bacteria retain their originai type of sensitivity 
(17D); the combinations that occur thereaft er - 17C and 17E - would 
be comparatively unst able, and bacteria originally r esistant to penicillin 
or to streptomycin would quickly h ecome resistant to both antibiotics. 
These strains would therefore result in c0mhination 17 A, the most frequent 
on e. After this combination, only a comparatively small number of strains 
- about 10 per cent - would reach the last st age in the versatility process 
designated as comhination 17B. Bacteria with antigen 17 would thus b e 
generally resistant to penicillin and to streptomycin at t he same time, but 
not to the t etracyclines. 

Witb antigen 13 we found the following percentages for each combination: 
13D, 5.1 per cent of strains having antigen 13; l3C, 3.6 per cent ; 13E, 
5.1 per cent; 13A, 16.1 p er cent; 13B, 69.8 per cent. The conclusions in 
this case are different from those reached for factor 17. W e concluded that 
hacteri a having antigen 13 quickly reach the last stage in the versatility 
process, and only 5.1 per cent of the strains retain their originai property 
(13D) . Generally speaking, therefore, bacteria with antigen 13 would reveal 
resistance to p enicillin, streptomycin and t etracycline. 

W e suggest that the capacity of Staphylococcus ,1ureus strains for altering 
their sensi tivity to antihiotics is partly conditioned b y their antigeni c consti
tution. 

D. - CORRESPO DE CE BETWEEN A rTIGE IC CONSTITUTIO ' AND PHAGE
TYPING 

Table 6 will show the correspondence between antigenic constitution 
and phage-typing. 

TABLE 6. 

Correspondence between antigenic structure and phage-typing in 209 stcains 
of « Staphylococcus aureus " 

l 
PHAGE GROUPS 

l IV or NT l ANTIGENIC STRUCTURE 

l l 
T o tal 

J II III 

Antigenic factor l or 17 58 13 21 4 96 

Antigenic factor 3 or 13 7 11 69 5 92 

Other antigens or antigens non 
identifiable 2 

l 
l 14 4 21 

T o t a l 67 25 104 13 209 
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In conclusion, it may be stated t hat 60 per cent (58 in 96) of the strains 
with factor l or 17 belonged to group l of phage-typing, and 86 per cent of 
the strains (58 in 67) of phage group I presented one of antigenic factors l 
or 17. 

Similarly, 75 per cent of the strains (69 in 92) with one of factors 3 
or 13 were classifìed in phage-typing group III, and 66 per cent of group III 
strains (69 in 104) r evealed one of those two antigens. It appears, ther efore, 
that the correspondence between antigens 17 and 13 and phage groups I 
and III respectively is marked . 

In the research work we are pursuing in Rome at the Microbiology 
Department of the Istituto Superiore di Sanità and with t he cooperation 
of V. Ortali, we tried to throw some more light on these relationships. 
It is known t hat there are different serological groups in the basic set of 
the phages of the Staphy lococcus originally described by WILLIAMS and 
RIPPON (3'). Thus, phages 29, 52, 52A, 79, 80, 55, 71, 53 and 44A belong 

TABLE 7 

Correlation between lysogeny and antigenic structure of « Staphylococcus » 

Set·o logical 
group B 
phages 

29 

52 

52A 

79 

80 

55 

71 

53 

44A 

l 
Staphyl ococci l 
with antigon l 

l 01' 17 
(pro pngating st1·a ins •) 

29 

52 

52A 

79 

80 

81 

3A 

3B 

55 

71 

• Carriers of serological group A prophage ? 
.. Carriers of serological group B prophage? 

::icrologiual 
g1·oup A 
phagcs 

3A 

3B 

3C 

6 

7 

42E 

47 

54 

73 

75 

St<wlly lococci l 
with antigeli 

3 01' 13 l 
(\l i'OPllgating st rains .. ) j 

3C 

6 

7 

42E 

47 

53 

54 

73 

75 

77 

42D 

44A 
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to serological group B. Phages 3A, 3B, 3C, 6, 7, 42E, 47, 54, 73 and 75 
belong to serological group A. 

The Staphylococcus strains corresponding to these phages (propagating 
strains) and which bear the same number are for the most part classifiable 
with our agglutinant sera. If we consider as a group the ones that present 
antigen l or 17, an d as another group the ones with antigens 3 or 13, we 
may distribute these strains as follows. Strains with antigens l or 17 : 29, 
52, 52A, 79, 80, 81, 3A, 3B, 55, 71 ; strains with antigens 3 or 13: 3C, 6, 
7, 42E, 47, 53, 54, 73, 75, 77, 42D, 44A. 

It seems, therefore, that, though there are exceptions, the phages of 
serological group B are related to antigens l and 17, an d the phages of sero
logical group A to antigens 3 and 13. 

If w e accept that the lysogenic strains of staphylococci contain prophages 
of a different serological group from one to which they are sensitive, and 
since the main prophages must helong to serological groups A and B, we 
may admit - speculatively as yet - that the Staphylococcus strains having 
antigenic factors l or 17 and generally sensitive to group B phages may 
carry a prophage of serological group A. The staphylococcus strains would 
thus have a prophage of serologicalgroup A, and antigen l or 17 on the surface. 
Similarly, the strains having in the genoma a prophage of serological group B 
would present one of antigens 3 or 13. These relationships are summed up 
in Table 7. 

In the Salmonella group lysogenic conversion phenomena have been 
reported by UETAKE and collaborators (85) . After lysogenization with 
phage E 15 Salmonella anatum loses the somatic antigen lO and acquires 
somatic antigen 15 of Salmonella newington. So far we have not succeeded 
in ascertaining if a phenomenon of this type may be involved in cases of 
staphylococci with prophages of serological group A or B and which yield 
antigen l-17 and 3-13. 
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Metabolism and function studied in single neurones (*) 

Ezro GIACOBINI 

Department of Pharmacology , Karolinska lnstitutet, Stockholm, Sweden. 

Ieurophysiologists no longer doubt that the process of excitation in the 
nerYe cell is accompanied b y a series of biochemical events and consumption 
of energy supplying materia!. H owever, until a few years ago discussions 
on n erve function displayed the feeling that « these phenomena did n ot 
b elong to the materia! universe ll . This opinion prevailed in spite of early 
and repeated warnings from several biochemists and biophysicist s like 
Lillie, Erlanger, Gasser and Hill. Many years ago Lillie consiclered it « self 
evident that the energy of bioelectric current represents the transformed 
energy of chcrnical reaction n. Erlanger and Gasser (< compared the electrical 
phenomena to the ticking of a clock, ·which indicates that it works but fails 
to explain the mechanism that makes it work n, and Hill expressecl his con
v iction that « the machinery itself is chemical in nature, the fuel it uses is 
chernical, the acid and plates of the accumulator are chemical and the free 
energy of chemical change provicles the mechanical work ll . A considerable 
amount of data has been accumulated from studies on whole brain prep a 
rations, homogenates of n erve tissue, cortex slices, isolated ganglions, or 
single axons describing biochernical changes during excitation induced b y 
physiological , electrical, ionic or pharmacological stimu]ation. Besides the 
well known moclifì.cation of glucose and lactat e levels and an increase in 
inorganic phosphate resulting from the breakdown of organic phosphates 
(ATP and creatine phosphate), other biochemical events occur during acti
vity which bave been clescribed as follows : 

l. Oxidation of glucose, nminoacids or Iipids, breakdown of orgamc phosphates (energy 
metabolism). 

2. Accelemted turnover of proteins and nucleoproteins. 

3. Denaturation of proteins : unmasking of the side groups of aminoacid residues (transcon
formation and reconformation, paranecrosis). 

(*) Conferenza tenuta nell'Istituto Superiore di Sanità il 26 ottobre 1964. 
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4. a+ and K+ activation of enzymes (ATPases). 

5. Combination of N a + or K + with phospholipids or glycolipids (carrier hypothesis). 

6. R elease, action and subseqnent breakdown of specific transmittor substance (ACh). 

In spite of these results the m embrane p ermeability c ha racteristics 
of the nerve celi appear to b e remarkably stable for a long p eriod of time de
spite low energy turnover. In the generation of the spike, there is no sub
stantial evidence of an involvement of metabolism other than that required 
to regulate ionic gradients and membra ne potential. One may regard 
thesc gradients as a store of potential energy built up through metabolism 
during an earlier period. This energy is then rcleased in small amounts 
per impulse during a cyclic scries of events that require very little energy 
other than that derhred from the ionic gradients and the associateci electric 
field. 

Following the ionic hypothesis of Hodgkin and Huxley, the immediate 
source for the propagation of the impulse is derived from the concentration 
batteries for N a -'- an d K + ions an d the m etabolic energy is only later required 
in order to restore the ionic composition. However , according- to t his hypo
thesis the ionic flux per impulse is so small compared to the ionic composition 
of the fiber that even in the absence of a m et ab olic restorative process many 
thousands of impulses can be propagat ed along large n erve fibers without 
impairing of the mechanism. These assumptions are made on the basis of 
investigations with so called giant axons, in wb.ich powerful metabolic 
inb.ibitors such as cyanide, azide or dinitrophenol blocked both sodium extru
sion and potassium uptake in the resting state, while having only a sligb.t 
effect on the sodium movements during the passage of the impulse (HoDGKIN 
& K EYNES, 1954). HooGKIN & KEYNES (1954) concluded from su ch obser
vations that the permeability system wb.ich allows ionic transport across an 
el ectrochemical gradient is not metaholically dependent as is the secretory 
syst em which operates during the recovery phase. Even though there is 
evidence of increased m etabolism, oxygen uptake and increased production 
of b eat during activity in the n eural ti ssue, very little is known ahout the 
relationship of these factors to the mechanism of selectivc permeability 
harricr and active transport processes hoth from a quantitative as well as 
from a qualitative point of view. 

The direct ohservation of intracellular hiochemical events and 
their relationship to the specific function of the nerve cell represents 
therefore one of the most ch allenging problems for n europhysiologists 
today . 

With the work of Warburg in 1923, which made it possible to measure 
the respiratory activity and other mctabolic aspect s of the hrain tissue, a 
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new possibility was opened. Since then at least three major and indepencl ent 
approaches have been directed toward this goal in neurochemistry : 

A. Manometric or respirometric det erminations in slices of cerebral tissue or excised sympa
tbetic ganglia electrically stimulated (Mc lLWAIN et al., 1951-1962; LARRABEE et al., 
1952-1962). 

B. Microfluorimetry of pyridine nucleotides of small exposed surfaces of the brain in situ 
or of single neurones (CHANCE et al., 1962 ; TERZUOLO et al., 1963). 

C. Micromanometric determination of enzyme activity, substrates and respiration in an 
isolated nerve cell p reparation at rest and in activity (GIACOBINI el al., 1963). 

R egarding the first approach (A), it must be borne in mind that such 
preparations do not show ali the known electrophysiological r esponses to 
stimulation nor the spontaneous activity associated with brain in vivo 
and give very little information at the cellular level. Furthermore, the ionic 
env ironment eJ\.'"ternal to the nerve cells cannot be readily controlled. 

The second technique {B) is of great interest and possibility but it is 
stili too early to be fully evaluated. As a comment to the third possibility 
(C), it should be pointed out that among the severa! methods for cellular 
biochemistry now available, the cartesian diver technique of LINDER

STRoM-LANG (1957) is, as far as we know, the only one which permits 
quantitative chemical assays in an isolated living nerve cell, provided 
that we can find a single celi preparation which can be used in the diver 
without changes of its functional activity. 

Preserving the unaltered structure or the function of the n erve cell during 
the chemical assay constitutes one of the most difficult problems of neuro
chemical analysis. Severa! basic r equirements have to be fulfìlled: 

A. The histological structure t o be analyzed must be isolated without loss or alteration of 
the chemical components concerned (avoid fixation etc.). 

B. The size of the sample to b e analyzed must b e m easured. 

C. Analytical quantitative methods of suflìcient sensitivity must be available. 

D. The possibility of obtaining the data at intracellular leve! must be available. 

E. The nerve celi must be functional after dissection, that is capable of producing regular 
and sustainecl impulse activity. 

F. The impulse activity must be recorded before, during or after the experiment. 

G. The ionic environment must be controlled. 

The points E), F) ancl G) in tbis list are of particular signifìcance for 
neurophysiological and neuropharmacological studies. However, in spite 
of these difficulties, the effort of neurophysiologists, neuropharmacologist s 
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and n eurochemist s has resulted in t wo large groups of methocls presently 
availablc as shown in Table l. 

Among the t echniques of histo- and cytochemistry described (Table 2), 
the quantitative microchemical t echniques are obviously those which offer 
the great est advantages for their precision and r eliability despite the draw
back of sometimes being more complicat ed in t heir practical use. These 
t echniques ar e either related to their respective macromet hods or have been 
originally described as such. 

As indicat ed in Table 3 and earlier pointed out by LowRY & PASSONNEAU 
(1962), some analytical requirements of a quantitative nature have to be con
sidered before choosing the convenient method. As seen from T able 3 the 
enzy me activity present in a small celi body or in a !J-!J-1 sample of cyto- or 
nucleoplasm can b e roughly estimated to 10·11 - 10-15 moles of product per 
hour, and the amount of substrate present to be in the order of 10·14 - 10·18 

moles. Which are the analytical t echniques ab le to detect such a small amount 
of substrate ? If we compare the sensitivity of different techniques, some of 
them commonly used in our laboratories (Table 4) it can b e seen that not 
only the W arburg t echnique but even colorimetric techniques are far belo w 
the requirements of our analysis. The fluorimetric m ethods approach the 
working range for our assay. The cartesian diver and especially the cycling 
and r ecycling methods of Lowry are fully satisfactory for our purposes. 

Taking into account the above considerations, in the laboratory of 
neuropharmacology of the Department of Pharmacology of the Karolinska 
Institute, we have b een using in the last few years a series of micromethods 
which are particularly suitable for biochemical analysis at the cellular level. 
These methods together with the sensitivity employed by us are reported 
in T able 5. 

Another consideration to be made concerns t he choice of the biologica! 
materia!. Processes which take piace in one thousandth or less of a second in a 

m embrane of about 80 A thickness obviously offer great difficulty to chemical 
analysis. However , progress in a special field is frequently promoted by the 
availability and the selection of favorable biologica! material. An evident 
illustration of this fact is the use of isolated axons of th e squid or of crusta
ceans which proved to be one of t he most fruitful materials for neurophy
siological investigations. 

The discovery of the crustacean stretch receptor organ by Alexandro
witz in 1951 and the recognition of its functions by physiologist s in the last 
10 years have opened a new possibility, in our opinion, for the attack of 
neurophysiological problems from the hiochemical side. This is particularly 
so when one reflects that a sensory neuron of these r eceptors can be regarded 
as a good model of neurons in generai. In fact the crayfìsh receptor cell 
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TABLE 3. 

ANAL YTICAL REQUIREMENTS IN BIOCHEMICAL STUDI ES 

WITH ISOLATED NERVE CELLS 

Weight of the anatomica! sample 

l 
t 

upper limit 

2-3fLg (functional areas) 

+ 

Enzyme activity 

2 x 10·5 - 2 x 10-7 
(moles of productfhour) l 

+ 

l 
t 

lower Iimit 

· 0001 fLg (small celi body) 
(Lowry 1955) 

· l - · 01 fLfLl (samples of cytonu
cleoplasm; Giacobini 1957) 

l 
l 

t 

E nzyme activity 

10-11 - 10·15 
(moles of productfhour) 

Amount of substrate present in a 0.0001 fLg sample 

10-14 - 10-18 moles 

.A.nn. ! st. Super. Saniià. (1965) 1. 500-520. 
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TABLE 5. 

A SCHEMA TIC SURVEY OF METHODS FOR BIOCHEMICAL ANAL YSIS AT THE 
CELLULAR LEVEL TOGETHER WITH THEIR SENSITIVITY EXPRESSED IN 

MOLES OF PRODUCT PER KG DRY WEIGHT OF SAMPLE 

SE)[SITIVITY 

SUBSTRATES (10·14 moles ) 

Cyeling methocl, Lowry 

l' ENZYME ACTIVITY 

l
- __ _ 

Cartesian diver, Giacobini 
Cyeling method, Lowry 

(10·11_10 u moles ofproduct) 

At rest 

ERVE CELT. 

l 
l 

During or l 
after activity 

1-, l 

RESPIRATTON (lx l0·5 [LI 02 [.tl/ hr) 

Carteoian diver , Giacobini 

DP~ - TPN 
H 

TONS 

__ Mirromanometric (10·14 moles) 
(Giacobini) 

l
' Fluoromctr ic (10·15 moles) 
- (Lowry) 

-, 
l Fluorometric in vivo (10·16 
-- moles) (Chance) 

(K . N a , Ca-'-+ )(10· 12-10·14 
mo le;;) 

\lficroflamephotom<'try 

'----l LIPTD FREE D. \'\'ETGHT (ly x l U-3) 
'--·--·---
Quartzfiber balance. LoM·y 

. 111>;. l sl . Stt/)er. Sanità (1965 ) 1, 500·520 . 
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seems to satisfy all the requircments that we have for such a study. First 
it can be easily dissected ; second it is capable of producing a r egular and 
sustained impulse activity ; third its activity can be recorded both extra
and intracellularly ; and finally it can survive for a period of at least 24· 
hours in the isolated state. 

The receptors occur in pairs on both sides of each abdominal segment. 
Electronmicroscopy (PETERSON & PEPE, 1961) does not reveal any substan
tial difference in morphology from other types of nerve cells unless the fact 
that the large dendrites with which the celi is provided are imbedded in a 
modified muscle fiber and surrounded by connective tissu e (CT) as can b e 
seen in Plate I-l obtained b y Dr. P. P eterson. These dendrites (DB in Plate 
I-l), when stretched give rise to the so called gcnerator potential and contain 
very peculiar and conspicuous masses of mitochondria. This is of course a 
region which has a particular relevance not only to the neurophysiologist 
but also to the biochemist as a potential sourcc of energy. 

The standard preparation u sed in our experiments (G IACOBINI, HANDEL
MAN & TERZUOLO, 1963) is shown in Plate l-2 and consists of tbc neurone 
celi body of the slowly adapting stretch receptor organ of the crayfìsh, a 
segment of axon approximately 600 !.L long and a portion of thin muscle 
bundle, about 400 f.L long, in which the dendrites are imbedded. Thcse are the 
minima! dimensions compatible with survival for most of the preparations 
(GIACOBINI, HANDELMAN & TERZUOLO, 1963). 

The contribution to the measurements by the metabolism of the muscle 
fìber is estimateò. in separate experiments (GIACOBINI, HANDELMAN & 
TETIZUOLO, 1965). 

Fig. l is a sch ematic representation of the procedure (GIACOBINI et al. , 

1963) . The receptor is prepared by microdissection and its ability to respond 
to stretch with r epetitive impulse activity is tested by means of the forceps 
applied to the muscle (A). The preparation is reduced to the minima! standard 
dimension (see also diagram in Plate I-2) , and its functional integrity can 
then be tested by recording the impulsc activity from the axon with a 20 !L 

wire electrode EL (B). Although no forceps can be applied to the muscle 
to produce stretch after the preparation has been cut to t h c stat ed minimal 
dimensions, stretch can stili be applied when thc axon is raised into the air 
because of the surface tension of the solution. The impulse activity is displayed 
b y an oscilloscope and audio monitored (B). In these conditions the celi can 
stili be s timulated by varying the K + and Ca ++ concentrations in the medium 
(GIACOBINI, HANDELMAN & TERZUOLO, 1963). A rise of the K+ concentration 
of less than twofold produces a spontaneou s firing of the cell which can last 
severa! hours. The frequency of the impulse activity is recorded by a digitai 
computer. To perform the microgasometric measurements, thc preparation 
is introduced b y suction into a capillary diver together with a sma1l amount 

A n n. I st. Super. S a?Jità (1965) 1 • .'>00 ·520. 
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(about 0.5 11-l) of the appropria te medium (C) and placed at the desidered posi
tion (D). The microdiver is subsequently sealed and, after a period of equi
libration, measurements are made for at least one hour (E). The diver is 
then opened an d the functional integrity of the cell is t est ed as in B (F). 
Steps C to F can be repeated several times without apparent damages t o 

E 

F~ 
/1 

8 
_"l@ 

~ 

m 
Fig. L - Simplified diagram of the experimental procedure for measuremwt of oxygen 

uptak e and enzyme activit y in single ner ve celi p reparations at rest and during 
impulse activity. F or description see t ext . 

the celL In the next st ep (G) the preparation is dehydra ted and the lipids 
extracted with alcohol (95 per cent) and dioxane. After dehydration , the 
alcohol is boiled off at room t;emperature under high vacuum (H) and the 
preparation is weighcd (I) with a quartz fib er microbalance of the type de
scrihed b y LOWRY (1941). 

A single nerve cell preparation weighs (lipid-free dry weight) hetween 
0.1 11-g-O.Ol 11-g. The oxygen uptake b y the preparation in resting conditions 
and in absence of any added substrate was 4.18 x 10·1 11-l 02 cell/hour (p = 
0.05, range = 3.51-4.85) (GIACOBINI et al. , 1963). 

These data can be compared with the average neuronal oxygen consump
tion of the brain cortex neurone which was estimated b y KETY & Scul\fiDT 
(1948) to be about 3 x 10·1 11-l 02 cell/hour in homo, by ELLIOTT & H ELLER 
(1957) 0.63 X 10·4 fll 02 cell jhour in the cat, b y KOREY & 0RCHEN (1959) 

Ann. 1st. S uper. Sanità (196.;) t , 500 -520. 
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1.36 X 10·4 fJ.l 02 cell/hour in t he lamb and finally by EPSTEIN & O' CONNOR 
(1965) 10.2 X 10·4 fJ.l 02 cell/hour in the cat. 

These estimations are however difficult to correlate to our results in 
t he living n eurone since they were made on materia] from fresh or frozen 
dried slices of brain or from cell fractions. 

Fig. 2 shows the marked increase in r espiratory r at e observed after 
di:fferent and progressively increasing frequency of impulse activity . lt can 
be calculated that an increase in oxygen consumption of t his magnitude 
may correspond to a heat production of 25 fiCal/g/impulse. 

L 
.s::. -E' 120 o o -o o o o 

~ 1.00 o o 
~ 

J! 
l" O. BO o 
>-
5 
~ 0.60 o 
'ii o V\ o 
Q) 

. ~ 0.40 o o 
o o 

Q) o o o ., 
o "' ~ 0.20 o 

u 
E o o o 

o o 

o 5 10 15 
lmpulses/ sec. 

F ig. 2. - R elationship between respiratory activity and 
frequency of impulse activity in single crustacean 
nerve celi preparations. 

AnBOTT, HILL & HoWARTII (1958) estimat cd a heat production of 

2 fJ.Cal/g/impulse in the nerv es of the spider crab. 
For th e reasons which were outlined in the introduction of this paper , 

our efforts werc directed towards th e determination of the effects of an 
altered ionic content of the external medium (GIACOBINI et al., 1965). Such 
alterations exert well known effects upon the electrical properties of the celi 
m embrane. (EDWARDS, TERZUOLO & WASHIZU, 1963). Could they also 
involve thc generai m etabolism of the celi and in particular th e 0 2 consump
tion ? It must b e noted in this r cspect that the nerve cell of the stret ch re
ceptor organ is possibly the only scnsory cell where these membrane proper 
ties can be studied wh en the exter.nal io.nic environment is controlied. The 
effect of varying concentratìons of 5 different ions (K +, Ca++ , Mg+ +, N a +, 
Cl- ) or the total omission of one of these from the solution was therefore 

investigated (GIACOBINI et al. , 1965). 

A nn. l st. Stt7Jer. Sanità (196.;) 1, 500 ·520 . 
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The ox ygen uptake in Ca +"'" free solution was found to b e markedly 
reduced (see F ig. 3 and 5). In this situa tion it can be assumed that t h e cell 
is electrically inexcitable and both the resting membrane potential and the 
m embrane resist ance are greatly reduced (EDWARDS et al., 1963). The r espi-

)J! 01/ hrjcell 
1a , 1o-• 

16 

14 

12 

10 

6 

4 

PHVSIOLOGICAL 
SOLUTION --

30 

/ 
/ 

/ 
l 

/ 
/ 

/ 
/ 

/ . 
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/ 

/ 

/ 
/ 

/ 

/ 

/ 
/ 

/ 

/ Ca ' •FREE 
1 --SOLUTION 

/ PHVS 

60 

SOL. 

co·· 
FREE 
SOL. 

100 - 71 

90 120 Minu~es 

F ig . 3. - Oxygen u ptake of a single crustacean nerve celi 
preparati an in Va n Harreveld physiological solution 
and in Ca++ free solution. B ar graph shows the 
fìn al rcla tionship in per cent. 

r a tion experiment shown in F ig. 4 consists of three different st eps. The oxy
gen consumption expressed in fkl 0 2/cell/ time unit is again shown b y the 
slope of the curves. In A the cell is firing 7 impulses p er second (the K + con
centra tion h as b een increased almost 2-fold), in B the celi is brought back 
to the physiological solution and n o sp ont aneous impulse activit y is p resent. 
The slope indicat es a decr ease in oxygcn con sumption. F inally in C the K + 
con centration has b cen increased lO times and the slope of the curve indi
cat es a furt h er decreasc of the oxygen consumpt.ion. In t h e above condition 
the action potential is absent and t he membran e resist ance and t he resting 
potential reach very low values (EDWARDS et al. , 1963). 

A nu . Jst. Stt]Jer. Sanità (1965) 1 . 500 ·520 . 
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Fig. 4. - Oxygen uptake in a single crustacean nerve cell preparation 
in V an Harreveld physiologicaJ solution (B) and in 1.6 (A) and 10 
t imes (C) K • solutions. Bar graph shows the finaJ relationship 
in per cent. 
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In Fig. 5 the oxygen uptake of a single nerve cell preparation in various 
electrolyte solutions is expressed as per cent of uptake in the physiological 
solution. lt c an b e seen that when Ca++ is completely removed, the respira
tion of the n erve cell is reduced t o 61 per cent of the normal; in a high K + 
solution (12-fold norma!) this is r educed to 52.5 per cent; in N a + free solu
tion to 54 per cent; and in Cl- free solution the oxygen consumption is prac
tically the same as in the physiological solution (GIACOBINI, 1964 ; GIACO

BINI et a{., 1965) . 
The effect of nineteen m etabolic and ion transport inhibitors acting at 

various enzymatic levels within severa! metabolic pathways was investi
gated by GJACOBJNI (1965) upon a single neurone preparation of the cray
fish stretch r eceptor organ. Both the function of the n erve celi as judged b y its 
impulse activity and its metabolism expressed by oxygen uptake wer e stu
died. Each of the inhibitors was tried at various concentrations and pH's. 
The effect of the respiratory inhibitors, especially rotenone and antimycin A, 
suggests a coupling of respiration and impulse activity in the crustacean 
nerve celi. The marked effect of the glycolytic inhibitors and of Na-malonate 
strongly suggests a liuk between glycolysis and Krebs' cycle on the one side 
and maintenance of impulse activity on the other. This view is also sup-

.-l11n. 1st. Supcr . SlUtitù (196.)) 1. 500-J20. 
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ported by the effect of glucose restoring activity after the blocks caused by 
severa! inhihitors. Ouabain and digoxin inhibit both impulse activity and 
oxygen uptake. In generai, respiration seems to be less sensitive to inhibi
tors than is the impulse aetivity, indicating the presence of a safety factor 
for respiratory processes. 

100% 
9? o.ro 

61% 

525% 

"HV~ICL C• •• HIGH K .. M• • Cl -
~CtUTION f=RH SOtUliON FRH fR(C:: 

SOtUTION fto"Ì•7L 5 m M 50LUTION SOLUl!Co..i 

Fig. 5. - Oxygen uptake in single nerve cell 
preparations in various electrolyt e 
solutions expressed as p er cent of 
uptake in the physiological solu
tion. Each percentage value repre
sents the median value of t en 
determinations. 
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Fig. 6. - Oxygen uptake of single cell pre
par ations in various solutions in 
the presence of mct abolic inhibi
tors and glucose expressed as per 
cent of uptake in the physiological 
solution. Each percentage value 
represents the median value of ten 
determinations. 

In Fig. 6 t he oxygen uptake of single ner ve celi preparations in t he pre
sence of various metabolie inhibitors or glucose is compared t o that in phy
siologieal solution. A marked r eduetion of respiration is noticed in the pre
sence of ouabain and digoxin, respectively (63 and 70 per cent) , whereas 
in the presence of 2,4-dinitrophenol the respiration is increased by 170 per 
cent (GIACOBINI et al., 1965). 

As a direct consequence of our r esults with metabolic inhibitors indicat
ing glycolysis as a probable source of substrates for oxidative processes 
linked to impulse activity, GRASSO & GIACOBIN I (1965) decided to investigate 
the level of severa! glycolytic intermediates, both at rest and after prolonged 
physiological stimulation, using the newly described biochemieal t echnique 
of LowRY et al. (1964). Phosphate compounds and pyridine nucleotides were 
also determined using the same method. The technical procedure employed 
and the cyeling method of LoWRY et al. {1964) are schematieally illustrated 

A nn. / st. Super. Sanità (1965) 1, 500-520. 
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in Fig. 7 and Fig. 8. In the first st ep in Fig. 8 h exokinase and glucose-6-pho
sphate dehydrogenase, in the second glutamate dehydrogenase and glucose-
6-phosphate dehydrogenase and in the third step 6-phosphogluconic dehy
drogen ase were present. 

f'LUOR1M(TRY ACIO EXTRACTION 

Fig. 7. - Schematic description of the analytical procedure used for determination of 
metabolic intermediat es, pyridine nucleotides and phosphate compounds in 
single crustacean nerve celi preparations. See text. 

MEASUREMENT OF GLUCOSE IN 0.01 ~DRY TISSUE(-16
1
'MOLES) 

CYCI..ING 2 REACTION 

X MOLES GLUCOSE X ·lO' MOLES 6PG 

' 
(10"'0 ) j6PGI ( TPN 

R5P)! TPNH ( 10"'0 ) 

READ IN THE 
3 CO, F LUORIMETER 

X ·104 MOLES TPNH 

Fig. 8. - Schematic illustration of the cycling method described by Lowry 
et al. Determination of glucose in a 1.01 !.1-g sample of tissue. 
In the first st ep hexokinase and glucose-6-phosphate dehydro
genase, in the second glutamate dehydrogenase and glucose-6-
phosphate dehydrogenase and in the third step 6-phosphogluconic 
dehydrogenase are present. 
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The dynamic variations in the substrate level after activity can be followed 
in Fig. 9 where the per cent variations from the resting state are reported. 
The glycogen decreased consistently with the lactate increase during 
impulse activity. ATP showed a continuous decrease during prolonged sti
mulation while ADP and Pi showed opposite patterns. After stimulation, 
the ratio TPN/TPHN fell by more than 50 per cent. This was due to a 
decrease of TPN. Similarly, the DPN/DPNH ratio fell by 50 per cent, but 
in this case it was due to a decrease of DPN an d a simultaneous increase of 
DPNH. The results strongly suggest the involvement of glycolysis in the 
mechanism maintaining impulse activity in this neurone. Impulse activity 
in the crustacean n erve cell is linked to an energy requiring system ; this 
energy is furnished by ATP splitting and glycolysis directly or through the 
arginine phosphate st ep supporting the ATP r esynthesis . 

The effect of seven intermediates of the tricarboxylic acid cycle, of 
pyruvate and glutamate was studied by Marchisio (MARCHISIO & GIACOBINI, 

•t. Of RESTING 
VALUES 

IOO 

DAT II!EST 

AOP p; 

~ A,-TER l • 104 IMP. Il -"UJIII '' • IO" IMP 

Fig. 9. - V ariations of met abolites and phosphate compounds 
in the slowly adapting stretch receptor cell after 
[8 X 10' and 16 X 104 ] impulses. Average values from 
severa! experiments. 
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1965) in our laboratory, on the impulse activity and oxygen uptake of the 
slowly adapting cell of the stretch r eceptor organ of crayfish. Citrate, iso
citrate, o:-ketoglutarate and succinate showed a strong excitatory action, 
fumarate, malate, oxaloacetate and pyruvate had no action while glutamate 
had an inhibitory action on the impulse activity (see Fig. lO). The most 
effective substrate t ested was citrate which also increased respiratory seven
fold. Isocitrate showed a lower effect (2.2-fold) as did ketoglutarate (4-fold), 
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Fig. 10.- A typical experiment showing the effect of 27 mM 
succinate and 4 mM glutamat e on the impulse 
activity of an isolated slowly adapting streteh 
receptor cell. 

succinate (2.8-fold) and malate (3-fold). Fumarate, p yruvate and glutamate 
did not have any effect on t he r espiratory activity. The only substrate show
ing an inhibitory effect on oxygen uptake was oxaloacetate. Glucose, t est ed 
for comparison , also sh owed stimulatory effect (2.4 fold) on respiration. The 
authors are inclined to believe that the effect on the impulse activity and 
respiration exerted by these compounds is confin ed to the nerve celi mem
brane. The opposite modes of action of malate and oxalaocetat e on respi
ration, which did not affect impulse activity, are however more difficult 
to explain in terms of a pure membrane mechanism. 

The effect of the respiratory inhibitors, especially rotenone and Anti
mycin A, as previously commcnted, suggests a coupling of r espiration and 
impulse activity in the crustacean n erve celi . This is also in agreement with 
the reported presence of respiratory enzymes and cytochromes (MuNRO, 
1955) in crustacea, and with the findings of TERZUOLO et al. (1964) and Bo
NEWELL & GIACOBINI (unpublished results), t hat the activity of oxidative 
enzymes is increased during impulse activity . 

In order to decide whether som e of our r esults, especially t hose obtained 
with inhibitors, may be r elated to active transport processes it has been 
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necessary to determinc Na and K in cells treated with different inhibitors 
or in conditions of modified ionic environment. A modified microflamepho
tometric method for the simultaneous determination of sodium and potas
sium has therefore been developed (GIACOBINI, 1965). The sensitivity of this 
method is in the order of 10·12 - 10·14 for Na and K respectively. A single 
celi preparation has been found to contain 1.74 ± 0.1 x 10·10 moles K (mean 
of eight experiments ± S.D.) corresponding to about 150 mEq. Measurable 
variations of ion concentrations in the presence of inhibitors and modified 
ionic environment have b een detect ed. 

Summarizing our results, it appears that the prolonged physiological 
stimulation of a single nerve cell preparation initiates a sequence of bioche
mical events now readily m easurable at this level. The parameters which 
can actually be measured ar e the following : oxygen consumption, enzyme 
activity, the level of severa! compounds including glycolytic and citric acid 
cycle intermediates, oxidized and reducecl pyridine nucleotides, phosphate 
compounds and finally ions. Most of these parameters have already been 
measurecl and a part of the results h ave been reported in this paper. Our 
results emphasize the importance of glycogen as a source of energy in the 
crustacean nerve celi related to impulse activity and suggest a generai scheme 
of metabolic contro! similar to that reported b y MAITRA et al. (1964) for the 
electric organ. In such a sch eme, modified in Fig. 11, the presence ofthe 
enzyme ATPase in the m embrane of the nerve celi has to be postulated, 
the energy store is represented by arginine phosphate and the source of 
energy the glycolytic process itself. 

GLVCO LVSIS 

Fig. 11. - A generai scheme of neurophysio
logical and metabolic correlations 
in the slowly adapting cell of the 
stretch receptor of crustacea. 
See text. 
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Summary. - The combination of sensitive micromethods and n euro
physiological t echniques offers the possibility of investigating biochemical 
processes connected with the func tion of n erve cells. Some criteria for select
ing usefui m ethods for analysis at the cellular level are discussed. The pa
rameters which can actually b e measured are the following : oxygen consump
tion, enzyme activity, the level of severa! metabolites including glycolytic 
and citric acid cycle intermediates, oxidized an d reduced pyridine nucleo
tides, phosphate compounds and ions. Most of these parameters ha ve already 
been measured in our laboratory and a part of the results are r eported in 
this paper. Our results show that prolonged physiological stimulation of 
single nerve celi preparations initiates a sequence of biochemical events now 
r eadiJy measurable and emphasize the importance of glycogen as a sour ce 
of energy in the crustacean nerve cell. 

Riassunto . - La combinazione di micrometodi altamente sensibili con 
t ecniche neurofisiologiche offre la possibilità di analizzare a livello cellulare 
variazioni di carattere biochimico connesse con la funzionalità della cellula 
n ervosa . Alcuni criteri per la selezione del tipo di microt ecniche da usarsi 
vengono discussi nella prima parte di questo lavoro. I parametri già accessibili 
alle nostre t ecniche sono i seguenti : r espirazione cellulare, determinazione 
di attività enzimatica, det erminazione quantitativa di substrati e tra questi 
di metaboliti della glicolisi e del ciclo di Krebs, piridino - nucleotidi ossidati 
e ridotti, fosfati organici e ioni. La maggior parte di tali parametri è stata 
misurata nel nostro laboratorio in singole cellule nervose a riposo e durante 
attività ed alcuni risultati vengono qui riportati e commentati. T ali risultati 
dimostrano che la s timolazione fisiologica prolungat a inizia una ser ie di varia
zioni biochimiche attualmente misurabili coi nostri metodi e mette in rilievo 
il processo glicolitico come sorgente di energia collegata all'attività della 
cellula nervosa. 

R EFE R ENCES 

ABBOTT, B. C., A. V. H I LL & J. Y. HowARTH, 1958. Proc. Roy. Soc. (London). B 148, 149. 
AI.ExANDROWITZ, J . S., 1951. Quart. J, Microscop. Sci., 92, 163. 
BoNEWELL, G. & E. GIACOBINI. Unpublished results. 
CHANCE, B., P . COHEè'i, F. JoBSIS & B. ScuoENER, 1962. Scùmce, 137, 499 . 

.A n n. ! st. S u per. S ani/(i (1965) 1. 500·520. 

8 



520 CONFERENZE E SEMINARI 

EDWARDS, C., C. A. TERZUOLO & Y. WASRIZU, 1963. ] . Neurophysiol., 26, 948. 
ELLIOTT, K. A. C. & I. H . H ELLER, 1957. M etabolism of n.eurons and glia, in Metabolism of 

the Nervous System, D. Richter Ed., New York, P ergamon Press, p. 286. 
EPSTEIN, M. H . & J. S. O'CoNNOR, 1965. ]. Neurochem. I n press. 
GIACOBINI, E., 1964. Proc. 2nd l ntern. Pharm. Meeting, vol. 4, 55. 
GIACOBINI, E ., 1965. Acta Physiol. Scand. In press. 
GIACOBINI, E. , E . HANDELMAN & C. TERZUOLO, 1963. Science, 140, 74. 
GIACOBINI, E ., E . HANDELMAN & C. TERZUOLO, 1965. In press. 
GRASSO, A. & E. GIACOBINI, 1965. Acta Physiol. Scand. In press. 
H ODGKIN, A. L. & R. D. KEYNES, 1954. Symp. Soc. Exptl. Bio!., 8, 423. 
KETY, S. S. & C. P . SCHli1IDT, 1948. ] . Clin. lnt!IJ8t., 27, 476. 
KoREY, S. R. & M. 0RCHEN, 1959. ]. Neurochem. , 3, 277. 
LARRABEE, M. G., H. P. J:Ionowrcz, W. STEKIEL & M. DoLIVO, 1957. Metabolism of sy mpa

thetic ganglia, in Metabolism of the Nervous System, D. Richter E d. , New York, Pergamon 
P:ress, p. 208. 

LINDERSTRiil\1-LANG, K ., 1937. N ature, 140, 108. 
LOWRY, O. H., 1941. ] . Bio!. Chem., 140, 183. 
LOWRY, O. H. & J. V. PASSONNEAU, 1962. Proc. lst Tntern. Pharm. Meeting, vol. 5, O. H. 

Lowry Ed. , Pergamon Press, 173. 
LOWRY, O. H., .T. V. PASSONNEAU, F. HAssELBERGER & J . SCROLZ, 1964. ]. Biol. Chem. , 

239, 18. 
1\-!AITRA, R. L., A. Gosn, B. ScHOENER & B. CHANCE, 1964. Biochim. Biophys. Acta, 88, 112. 
MARCHISIO, P. C. & E. GIACOBINI, 1965. Acta Physiol. Scat~d. In press. 
MciLWAIN, H. & R. RODNIGUT, 1962. Practical Neurochemistry, Little Brown, Chap. 8, 

pp. 155-179. 
MuNRO, F . H., 1955. Proc. Roy. Soc. , 143, 203. 
PETERSON, R. P. & F . A. PEPE, 1961. ]. Biophys. Biochem. Cytol., 11 , 157. 
TERZUOLO, C. A. , G. BONEWELL, E . GIACOBINI, H . HA 'OEL~1AN & S. LtN, 1963. Federation 

Proc. Abstr., 23, pt. l , Ko. 73, p. 130. 

Pla t e I. - l. Electron micrograph showing a d endritic branch (DB) of the stretcb recep 
tor cell of crayfish. Notice heavy cumula tions of mitochondria inside t he 
dendryte and the connectivc tissue (CT) outside it. Magn. about 32.000. (The 
picture was t aken by Dr. P. Peterson). 

2. Photomicrograph of unstained iiving slowly adapting receptor celi of cray fish. 
The thin muscle fiber (u pper part), the nucleus with the nucleolus in the cent er 
of the celi b ody and the axon (lower right) are visible. The glia! tissue surround
ing the cell body h as not been teased out. In the corner : simplified diagram 
of the elements of the standard preparation with measurements. M = muscle 
fiber ; CB = celi body ; A = axon. See t ext for description. 
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