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The more we learn about the individual elements of the nervous
system, their chemical nature and their physiological mechanisms, the
easier it becomes to understand how drugs can influence their behavior.
(Lowry, 1963). ;

If the central nervous system were constituted by neurons having si-
milar function, structure and chemical composition, it would be very diffi-
cult to justify the use of cellular analysis. We know that this is not the case
and here, more than in any other organ, function is dependant on the com-
plex coordination of different types of individual units. The smallest and sim-
plest nucleus in the CNS is built up by different types of nerve cells. Besides
nerve cells other cells are present, such as glial cells, ependymal cells, blood
vessels and blood cells.

The neuron represents therefore not only the largest cell in the organism
(water free weight between 5 and 50 ng. ; 1 ng = 10 g), but is also the most
varied in its from, dimension and chemical composition. Terminals from
other cells are connected to the cell body, the dendrites and the first part
of the axon. Fig. 1 represents an isolated nerve cell body, which has been
dissected out from a sympathetic ganglion and thein stained for AChE by
KoeLLE’s method (1951).

(*) This review is based on a lecture held at the Istituto Superiore di Saniti on the 30th
March, 1967.
(**) The following abbreviations have been used in the text, figures and tables :

ACh = Acetylcholine; “CACh = ¥C Acetylcholine; MeCh = Acetyl-3-methyl-
choline ; NE = Norepinephrine ; *HNE = tritiated norepinephrine ; SHTP = 5-Hydroxy-
tryptophan ; 5HT = 5-hydroxytryptamine; DOPA = 34-dioxyphenylalanine; DA =
Dopamine ; GABA = y-aminobutyric acid; GLY = Glycine ; HI = Histamine; PG =
Prostaglandine.

AChE = Acetylcholinesterase ; BuChE = Butyrilcholinesterase ; ChAc = Choli-
neacetylase ; MAO = Monoamineoxidase ; COMT = Catechol-o-methyl-transferase ; DOPA-
DC = DOPA-decarboxylase ; SHTP-DC = 5HTP-decarboxylase.
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The product of the staining reaction, which is visible on the cell body.
gives us an idea about the large number of connections between the cell body
and terminals originating from other cells. The cell body and the dendrites

Fig. 1. — Sympathetic ganglion cell of the rat stained by KogLLe's method (1951). The
AChE activity is demonstrated by small crystals covering all the cell body.
(Magnification 800 ).

are practically covered with hundreds of small structures, the synapses.
The number of these synapses may be as high as 5-6.000 for cortex cells and
2-3.000 for motor neurons (Cajar, 1909). Each neuron establishes contacts
with over 1.000 neighboring cells and the electrical activity of one single
fibre may influence about 5.000 neurons.

If we isolate a nerve cell by dissection under the microscope and place
it in a weak solution of methylene blue it is possible to visualize thousands
of small spots on each cell body, each representing a synapse.

These synapses are not at all alike morphologically, chemically or phar-
macologically. Therefore, if we isolate by dissection a discrete and well de-
fined portion of cortex, hypothalamus or mesencephalon (Fig. 2), and sepa-
rate by means of centrifugal fractionation techniques the synapses present
in this region from other subcellular constituents, we should still obtain a
very heterogeneous material. That is, our fractions should still contain exci-
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tatory, inhibitory and other types of synaptic structures (synaptosomes,
Fig. 2). With further fractionation (Fig. 2) it is possible to separate the elemen-
tary particles storing the transmitter that is, the vesicles and granules. The
dimension of the vesicles varies between 200 and 1.400 A. The stored mate-
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Fig. 2. — Schematic diagram of fractionation techniques for separating synapses (synap-
tosomes) and other subcellular structures (vesicles and granula).

rial is mainly constituted by transmitters or precursors but the presence of
other substances can not be excluded. Up to the present time, stores have
been found of ACh, NE and 5-HT, and it is likely that many other types
will be found in the future.

The small 200 A vesicles have been associated with ACh but, on the
other hand, the same type of vesicles have been found in adrenergic synapses.
This fact can not be explained at the present time. Many authors have corre-
lated other types of larger vesicles (diameter about 500 A, the so called «dense
core ») with adrenergic terminals. This correlation seems not to be absolute
and valid for all localizations in the CNS. The attempts which have been made
to classify the different types of vesicles and granula are still unsatisfactory.

It has also been shown that the utilization of *HNE and the effect of
many drugs acting on catecholamines differs largely in the different parts
of the brain (Iversewn, 1967).
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These facts emphasize the problem of the great complexity of the CNS
and illustrate the difficulty of obtaining homogeneous structures for chemical
analysis. We would therefore like to stress the point that the analysis of
homogenates obtained from brain or even from circumscribed regions of the
brain may produce results very difficult to interprete.

THE PERIPHERAL AUTONOMIC SYSTEM AS A MODEL FOR BIOCHEMICAL
AND PHARMACOLOGICAL STUDIES

In order to avoid some of the difficulties connected with the isolation
of homogeneous material from the CNS we have used as a model for our
investigation the different sympathetic and parasympathetic ganglia of the
cat. Both physiological and pharmacological studies (Syogvist, 1962 ; Gia-
coBiIni, 1967) strongly suggested that the neurons which constitute the sym-
pathetic ganglia have different physiological and pharmacological properties,
that is, the ganglion cells may be of different natures. Histochemical studies,
using staining techniques such as Koerre’s technique (1951) for AChE or
the fluorescence technique for catecholamines (Farck et al., 1962) further
support this view.

In the sympathetic ganglia the great majority of synapses should be,
according to classical pharmacology, of the cholinergic type (Fig. 3-A). Ho-
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Fig. 3. — Synaptic connections in the sympa-
thetic ganglia of the cat. A and B,
POST POST synaptic connections between pre-
splenic nerve ganglionic cholinergic fibres and
postganglionic (altern. cholinergic)
C PosT PRE D adrenergic fibres. C and D, artificial
anasthomosis between the splenic
nerve and L5 ganglion.
\
COELIAC 8 ’ Ls
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wever, the postganglionic fibre can be of different types, that is, cholinergic
or adrenergic (Fig. 3 B).
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The role of ACh, as summarized by KoeLLe (1962), may be two fold.
First, ACh liberated at the synapse may induce the liberation of additional
quanta of presynaptical ACh. Second, ACh may liberate or trigger the libe-
ration of other transmitters from the presynaptic site. An example of fun-
ctionally different postganglionic fibres is that of the cholinergic fibres ori-
ginating from the L7 ganglion, which innervate the sweat glands and the
vessels of the hind limbs of the cat as suggested by LancLEY (1892).

TECHNICAL PROBLEMS CONNECTED WITH MICROCHEMICAL ANALYSIS
OF SINGLE NEURONS.

If we accept the view that neuropharmacological drugs influence diffe-
rent parts of the CNS and different types of cells in a different way, we can
understand that the use of microtechniques in the field of neuropharmacology
is almost a conditio sine qua non rather than a technical luxury. As Lowry
pointed out (1963) : « We teach that hypnotic and anaesthetic agents have a
selective action on the CNS. Actually it is the other way around. It is the
CNS which is selective in response to drugs ». Therefore, the more we learn
about the chemical structure and function of the neurons, the easier it is to
understand the mode of action of neuropharmacological drugs.

In order to study the drug effects at the cellular level we can make use
of at least two different approaches : the cytochemical and the neurophy-
siological (Table 1). The first approach involves the microinjection of drugs,

TasBLE 1.

Study of drug effects at the cytological level

| |

cellular localization of sites of drug action  microapplication of drugs

l l

histo- and cytochemistry electrophoretical technique
| 1 ‘ I
quantitative qualitative direct extracellular  intracellular

inhibitors or transmitters directly on the neuronal membrane. The injection
is obtained by means of electrophoresis with a so called multibarrelled elec-
trode made up of several concentric micropipettes (Fig. 4). A simultaneous
recording of the action potential is obtained. These experiments aim to cha-
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racterize very specifically the reaction of the neuronal membrane to the admi-
nistration of different types of substances, particularly those which are
suspected to serve as physiological neurohumoral transmitters. The respon-

Fig. 4. — Microinjection of pharmacologically active substances or transmitters on the
neuronal membrane by means of a concentric (5-barrelled) electrode. Simulta-
neous intracellular recording of the action potential. A, B and C represent diffe-
rent type of synapses (A = axosomatic, B - axoedendritic, C = axoaxonal.
influenced by the microiniection. The non-synaptic part of the cell membrane is
occupied by glial cells. From Samorracur & Broom (1964).

ses, which are recorded as a variation in the ionic conductance of the cell
membrane, are related to the effect obtained after physiological or electrical
stimulation of the same neuron. It should be emphasized that the strongest
evidence for a substance to be identified as a « physiological transmitter »
is the fact that the substance is liberated after physiological stimulation and
acts on the postsynaptic membrane in a characteristic way, inducing specific
conductance changes. Unfortunately, this evidence is lacking, for most CNS
transmitters because of the technical difficulties inherent in such experiments.

SaumoiracH! & Broom (1964) have demonstrated that different types
of neurons exist in the CNS, showing different sensitivity to various tran-
smitters, and that the same transmitter may exert different effects upon
different neurons (Fig. 5, I). For example, NE and 5HT can be both
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excitatory and inhibitory for the cortical neuron (Table 2). At the same time
some cells are sensitive to ACh but not to NE or 5HT. Similarly, in the ner-
vous system of invertebrates it has been found that the activity of a single

A
i

I Fig. 5. — Schematic diagram of neurohumoral
transmission. Triangles and squares
represent two transmitters. I: To the
left a presynaptic fibre; A and B
represent two postsynaptic neurons.
The activity of a single axon libera-
ting the same transmitter may pro-
duce opposite effects (depolarization
and hyperpolarization) upon two

B different postsynaptic neurons by

= exciting one and inhibiting the other.
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axon liberating the same transmitter may produce opposite effects upon two
different postsynaptic neurons by exciting one and inhibiting the other
(Fig. 5, I) (STRUMWASSER, 1962).

Furthermore, it has been found (GeErscHENFELD, AscHEr & Tavc,
1967) that more than one transmitter, or compounds having different che-
mical structure, may produce a similar effect on the nerve cell and initiate
the same permeability changes (Fig. 5, IT). Excitatory synapses under the
influence of different mediators have been demonstrated to coexist in the
same neuron (Fig. 5, II) (GErscHENFELD, AscHER & Tauvc, 1967), that is,
excitatory postsynaptic potentials can be produced by at least two different
synaptic transmitters. In some neurons these transmitters have already
been identified as ACh and biogenic amines (catecholamines and 5HT)
(Tavc, 1967).

According to these results, the specificity of the synaptic response
may be explained by the fact that this specificity resides in the receptor or
in steps beyond the receptor, and the type of response elicited may depend
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TasLE 2.
_i Substances administored aleutrr;phnrctluully ‘
NEURON | ]

o | acn | NE i DA 1 5-HT i GLUT. | GABA |
4 |
1 1 1 1 1 |

Medulla . ., ........ |FND|FND |
Pona............|FNnFND} f ' ‘ ‘
Inferior colliculi . . . . FN | N | | n |¥ | D
Hypothalamus . . . . . FND|FND ‘ | FND | \
Thalamus : ! | ! | ‘
Ventrobasal complex . . . . . F i N ND|F | D |
I Lateral geniculate . . . . . F ! D D D l F ‘ D |
Cuidats . v v v &5 5 ¢ ow s F;\DIFND\FNDi | | ﬂ
. Cortex : | | l 1 ‘
‘ Auditory, somato-sensory, sen- J ‘ | ‘ |
sory-motor . ., . , . . . |FN D ) D/'F D|F ‘ D |
‘Viuual..........FN D D‘ D|F i D |
| Cerebellum . . . .....|F | F D
| | l {
lOlfactorybuEb S W% E s [FND FND‘ 1 ND!FN i ‘
l |

Modified from SaimorkacHr & Broom (1964). F = facilitation, D = depression,
N = no response.

on the characteristics of the membrane rather than of the transmitter itself
(Fig. 5, I).

The final response of a neuron to a certain drug depends therefore on
the combined response of different receptors, on their threshold, and on the
degree of accessibility of the drug to the transmitter. In other words, because
of the great complexity of synaptic organization, a certain drug having a
relatively simple mechanism of action may produce a rather complicated
effect by coming simultaneously into contact with inhibitory or excitatory
synapses having different pharmacological « sensitivity ».

Since the neuron has developed membrane structures (receptors) having
sensitivity to different types of transmitters its membrane must be phar-
macologically differentiated to a high degree. This means that during deve-
lopment, the membrane produces different types of receptors having a spe-
cific sensitivity to different types of presynaptically liberated substances.
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It is not known how the postsynaptic membrane is developed and diffe-
rentiated, but it is supposed that contact with, or proximity of the presy-
naptic component must be of importance. The embryonic muscle, e. g., is
rather uniformely «sensitive » to ACh in all its extension, but after inner-
vation only a small and well defined region remains which maintains this
sensitivity. This specific and limited region, the muscle end plate, can re-
gress, under certain conditions, to the embryonal situation, e. g., after de-
nervation. The neurons must therefore possess genetic information about
the type of receptor molecules which will appear in its membrane. The ulti-
mate distribution pattern and specificity of such a receptor structure is pro-
bably dependant on which type of contacts the neuron establishes with other
cells during its development.

ANALYTICAL REQUIREMENTS FOR CYTOCHEMICAL STUDIES

If we now consider the second approach, that is, cytochemical analysis,
we must establish certain criteria for studying the effect of drugs at the cel-
lular level. The experiments require precise and well controlled conditions
in order to avoid different types of artefacts.

These conditions are :

A) quantitative significance ;

B) high specificity ;

C) high sensitivity (high localization and resolution of the local
chemical effects of a given drug action) ;

D) the presence of the drug should not interfere with the method itself;

E) the method should be unaffected by side reactions ;

F) rapid analysis of several samples at one time ;

) relatively low cost of chemicals and equipment.

Since the effect of a certain drug is often a consequence of its effect
upon a certain enzyme or enzymes, it is important to follow the effect of the
drug on the enzyme activity in restricted regions of the nervous system or,
if possible, in single cells. Neuropharmacologists are also interested in stu-
dying those enzymes which take part in the metabolism of physiologically
active substances like transmitters, and to specify the localization of such
enzymes. We should emphasize the significance of obtaining quantitative
rather than qualitative results during such a study. Most histochemical
techniques (staining or fluorescence methods) have a relatively limited use
in pharmacological studies because they lack quantitative significance.

The sensitivities of different types of techniques are reported in Table 3.
In our laboratory we have mainly used fluorimetrie, isotopic, and mieroma-
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TaBLE 3.
Sensitivity of isotope procedure and comparison to that of other methods
[ ] !
, ) \ SENSITIVITY ;
TECHNIQUE : (moles of measurable
l substrate) ‘
Colorimetrie 10 — 10-10 ‘
‘ Fluorimetric . 1011 — 1022
i Isotopic . o @ W R m ik 10-13 — 1018 |
| Micromanometric (Cartesian diver) . 10-18 — ]10-14 |

nometric techniques. The isotope techniques, which have recently been intro-
duced in cellular analysis (BuckLEY et al., 1967a) have proved to be of great
help. A schematic diagram of the isotopic technique developed in our labo-
ratory for measuring different enzyme activities in single cells is shown in

Fig. 6. Table 3 shows that isotopic techniques may be more sensitive than
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Fig. 6. — Schematic representation of the procedure for the radiochemical determination

of enzyme activity (ChAc, AChE, MAO, etc.) in individual nerve cells. After
removing the connective tissue capsule a small piece of ganglion is dissected
out (A), and single cells are obtained from this fragment by microdissection (B).
By means of a diver micropipette a single cell is washed in fresh Ringer before
transferring it by the same pipette to a small tube (C and D). The small volume
of Ringer carried with the cell (about 0.1 pl) is evaporated by blowing (E). The
tubes containing the cells are placed in ice and 0.5-1 pl cold buffer substrate is
added. To prevent evaporation, the tubes are either sealed with caps, or 50 pl
hexane is pipetted onto the incubation mixture (F). After incubation and the fol-
lowing steps, the radioactivity is measured in a scintillation counter (G).

Ann, Ist. Super, Sanila (1968) 4, 459-488,




GIACOBINI 469

both colorimetric and fluorimetric techniques. On the other hand, the num-
ber of results obtained per experiment is much larger with isotopic than

with micromanometric techniques,

[

Fig. 7. — A cell body (30 p) from a rat sympathetic ganglion is shown at two different ma-

gnifications in the diver.

Fig. 7 shows a Cartesian diver containing a single sympathetic cell
body. A magnetic diver technique has recently been developed (Carvsson
& Gracosini, 1968) permitting an automatic recording of the variation
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of the gas in the diver. The quantitative histochemical technique can
be used in the study of drug action in the nervous system in the fol-
lowing cases :

1) Drugs which block synaptic transmission.
2) Drugs with action on the central nervous system.
3) Drugs which influence ion-transport in the nerve cell.

4) Drugs which induce changes in the nucleic acids of the nerve cell.

Different types of enzymes related to the metabolism of transmitters or
precursors of the ACh or NE system have been studied by means of cyto-
chemical techniques. Several of these techniques have been developed in
our laboratory together with Buckrey, Consono & McCaman (1967a).
The concentration of NE in single cells is determined by means of the tech-
nique described by Caspersson, Hivare & Rrrzin (1966). As shown in
Table 4 several enzymes which are of importance for the metabolism of cate-

TABLE 4.
Quantitative cellular assay of enzymes related
to cholinergic and adrenergic transmission
Tranauiithe Related enzyme Method References
or precursor
ACh oW AChE Cartesian diver GiacoBini, Parmsorc & Sii-
Qvist (1967).
ChAc Isotopic Gracopini, E. & 8. Kosrow
(1969).
Isotopic Buckiey et al. (1967 a; b).
NE. 5 @5 % MAO Isotopic Consoro, GiacoBiNt & KaRJA-
LAINEN (1968).
COMT Isotopic Giacosint, E. & S. KErreL-
Frontus (1968).
DOPA: . . . ’ DOPA-DC ) Isotopic W
SHT < o o 5-HTP-DC ‘ Isotopic »

cholamines like MAOQ, COMT, DOPA-DC ete. can now be studied in very
small samples of nervous system or in single neurons. It is also possible to
determine two or more different enzymes in the same neuron by combining
micromanometric and isotopic methods.
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THE CHOICE OF THE MATERIAL

As pointed out above, pharma_wol(;gical and biochemical studies support
the concept that different types of cell populations are present in the sym-
‘pathetic ganglia. The sympathetic ganglion seems therefore to constitute a
very suitable material for identifying neurons having different pharmacolo-
gical and biochemical properties. Fig. 8 shows a general diagram of the ana-
lysis.

SYMP. GANGLION /"@
3 _,_do—
\ DENERVATED

§ <
)
e O @
UPTAKE — !
ANALYSIS ,\/y\
,O CARTESIAN  ISOTOPIC FLUORESCENCE
Hcach DIVER ASSAY M-S PHOTOMETRY
SUBCELLULAR ANALYSIS NEURONAL ANALYSIS

Fig. 8. — Diagram of cellular (right) and subcellular (left) analysis of enzyme activity (Car-
tesian diver and microisotopic methods) and monoamines (fluorescence micro-
spectro-photometry) in isolated cells. Uptake analysis (left) for YHNE and
“CACh in granules and vesicles obtained from fractions of normal and denervated
sympathetic ganglia of the cat.

The levels of investigation are three: the total ganglion containing
20-25.000 neurons, single neurons isolated by microdissection and subcel-
lular fractions obtained from the total ganglion. We feel that only the com-
bination of these three different approaches may contribute to give a picture
of such a complex material. The enzyme activity is measured first in whole
ganglia rapidly isolated from the autonomic system of the cat and then homo-
genated. By means of homogenization, ultracentrifugal fractionation, and
a sucrose density gradient it is possible to obtain different subcellular frac-
tions (Fig. 9). Morphological controls with both light and electron microscopy
are regularly performed on the ganglia as well as on the fractions.

Single autonomic neurons are dissected from the ganglia under the
dissection microscope. The ganglia used for the analysis may be normal or
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preganglionically denervated. This operation results in the complete destruc-
tion of the presynaptic structures (synaptic terminals) attached to the body
or dendrites of the postsynaptic neuron. The isolated cells are used for three
different types of cellular analysis (Fig. 8),
first they may be introduced in the Cartesian
diver for respiratory or enzymatic study
(Fig. 7), secondly, different enzymes may be
assayed using the microisotopic technique
(Fig. 6), and thirdly, the level of catecho-
lamines (noradrenaline) may be evaluated
by means of fluorescence microspectrophoto-
metry. The above steps constitute the so
called «neuronal analysiz . The subcellular
fractions obtained, containing synaptosomes
of the different ganglia (Fig. 9), may be used
for enzymatic studies or for uptake analysis.

Fig. 9. — Different subcellular fractions obtained hy
means of ultracentrifugation and sucrose
density gradient fractionation. P,-synap-
tosomal layer, P,-mitochondria -+ synap-
tosomes, P,-mitochondrial layers. The
fractions were obtained by pooling two
superior cervical ganglia of the cat.

The localization of a specific enzyme in
the cell body is of great importance since it
has been suggested that the synthesis of
transmitter substance take place in the cell
body as well as in the synaptic endings. Irom
the cell body the transmitter is transported
down to the terminals through the axon.
Indirect determination of the «turnover rate»
for NE in different parts of the neuron of
sympathetic ganglia (Costa, 1967) showed

that the turnover in the cell body is signifi-
cantly higher than that in the terminals.

The histochemical studies of DanvLstrém (1966) on peripheral auto-
nomic neurons, showing fluorescence for catecholamines, also support the
idea that the storage particles for noradrenaline are synthesized in the cell
body and then transferred through the axons to the terminals.
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Among the questions which can be answered by the types of analysis
mentioned above are the following :

— are «adrenergic » neurons capable of metabolizing ACh as well ?
— are « cholinergic » neurons capable of metabolizing NE ?

The compatibility of the occurrence of AChE in various types of neurons
with the fact that these neurons are presumably non-cholinergic has been a
matter of discussion. Histochemical results have also suggested the presence
of AChE in adrenergic neurons or fibres. This fact has been brought forward
to support the hypothesis of BurnN & Ranp (1962) which involves ACh in
the adrenergic transmission mechanism.

THE DISTRIBUTION OF FOUR TRANSMITTER ENZYMES
IN AUTONOMIC GANGLIA

When comparing the relative activity of AChE and ChAc in some auto-
nomic ganglia of the cat (Fig. 10 and 11) it became evident that a close corre-
lation exists between ChAc and AChE activities. Some ganglia, for example

2001 201 ChAc B3 AChE
1. 499 @ MAO OO COMT -
IGOi 161
{ 14
120 121
{ 104
80{ 8- 2
y 6- :
40{ 4-
{ 24 P
s, L, Lg  STELLATE COELIAC SUPERIOR
CERVICAL

Fig. 10. — The enzyme activity (ChAe, AChE, MAO and COMT) of four enzymes in the
sympathetic ganglia of the cat.
ChAc activity is expressed in moles ACh x 10-3/hour/ug wet. (Scale 0-200).
AChE activity is expressed in pmoles HAc X 10-%/min./mg. (Scale 0-20).
MAO activity is expressed in moles of product x 10-2/hour/ug wet. (Scale 0-20).
COMT activity is expressed in pmoles of product/hour/mg wet. (Scale 0-20).

stellate and cervical superior, show particularly high activity. The ciliary
ganglion shows the highest activity of all the autonomic ganglia investiga-

ted (Fig. 11).
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With respect to their ChAc and AChE activity the ganglia can be ranked
in the following progressive order : coeliac, L6, Sl, L7, stellate, superior cer-
vical and ciliary. The lowest level of ChAc and AChE activity is found in the

2801 281
26
2404 244
224
2004 204 O ChAc B AchE
| 8- @ MAO [0 COMT
1601 164
14 | P
1204 121
104
80+ B84
6_
404 4
21
i

CILIARY NODOSUM SPINAL

Fig. 11. — Distribution of enzyme activity (ChAc, AChE, MAO, and COMT) in parasym-
pathetic and sensitive ganglia of the cat. The units used are indicated in Fig. 10.

cocliac ganglion which also exhibits the highest MAO activity. Inversely,
the ciliary ganglion which shows the highest ChAc and AChE activity, has
the lowest MAO activity (about half of L7).

Nodose and spinal ganglia show rather low but appreciable MAO acti-
city (Giacosint & KerpeL-Fronius, 1968). Coeliac and inferior mesenteric,
which show the highest MAO activity of all ganglia, have the most abundant
system of adrenergic synaptic terminals of all sympathetic ganglia. On the
contrary, the ciliary ganglion contains only a few synaptic adrenergic struc-
tures (HaMBERGER, NorBERG & UNGERSTEDT, 1965) and has the lowest
MAO activity.

L6, L7 and S1 show a remarkably similar MAO activity which correlates
well with the reported values of the NE content for these ganglia. (Consoro,
GiacoBint & KARJALAINEN, 1068).

Ann., Isl. Super. Sanila (1968) 4, 459-488.



GIACOBINT 475

THE EFFECT OF PREGANGLIONIC DENERVATION

Preganglionic denervation results in a loss of both ChAc and AChE
activity in the ganglia (BuckLEY et al., 1967b) (Fig. 12). The decrease in the
enzyme activity is about 98 %, in all ganglia for ChAc, but only 58 and 64 %,
for AChE, indicating that the former enzyme is more specifically located at
the presynaptic level (Fig. 12). The data presented in Fig. 12 show that in the

101 OchacSAcheEEZMACDICOMT
601 51 DENERVATED
6
4od 4 Fig. 12. — The effect of denerva-
2 tion on four enzymes
(ChAe, AChE, MAO
and COMT) in three
10 NORMAL different sympathetic
80 8 ganglia of the cat. The
6 units used are indicat-
N ed in Fig. 10,
40 4 | ’
i %
B
S L7 Le

presynaptically denervated S1, L7 and L6 ganglia neither the MAO nor the
COMT activity are changed.

Both presynaptic fibres and synaptic boutons are completely degene-
rated one week after denervation (Hunt & NELsoN, 1965 ; Grinro, 1966).

Clumping and agglutination of synaptic vesicles has been observed
within 6 hours of the operation. The synaptic vesicles show a tendency to
move away from the synaptic site, whilst intraaxonal cytolysomes appear.
The axonal cytolysomes appear to be expelled into the Schwann cell’s plasma
(Szentagothai, personal communication, 1968). The latter changes are appa-
rent within 12 to 18 hours after the operation.

In the investigation of Giacomini, ParmBorc & SjéQvist (1967) on
the L7 ganglion of the cat it was shown that here, as in the rat ganglia
(GracoBint, 1957), the total AChE activity of normal cells shows a wide
variation (about 50 fold). The cells with low activity represent the majority
of the population, whilst neurons with very high activity are rare (Fig. 13
and 14). Only one of the 40 cells investigated lacked measurable activity
(Fig. 13). This study also showed a characteristic distribution pattern of
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enzyme activity in the L7 ganglion of the cat (Giacosini, PaLmBore &
SioQvisT, 1967).

Number of cells

01—
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After denervation, there was a remarkable decrease in average enzyme
activity as measured with both substrates (MeCh and ACh) (Fig. 14). As

1 Number of cells

T O AGCh (53 x107M)
- MeCh (1072M)

# Fig. 14. — Same distribution as in
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T % ganglia.
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much as 35 %, of the denervated cell population lacked measurable enzyme
activity. In cell bodies with measurable activity the values varied more than
10 fold. This study demonstrates the presence and the high variability of
enzyme activity in the postsynaptic pericarial enzyme.

According to histochemical studies (FREDRIKSsoN & SibQvist, 1962)
preganglionic denervation causes the disappearance of AChE from presy-
naptic terminals but does not affect the AChE of the cell bodies. Innervated
cells were found to exhibit a considerably higher AChE activity than dener-
vated ones (Fig. 14). Both ChE (BuChe and AChE) are present in the gan-
glion cells of the cat but BuChE is confined to glial cells (KorLLE, 1951
Gracosini, 1959) (Fig. 15).
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L7 ganglion of the cat stained for AChE with Koelle’s method (1951). Cryostate
section. Magnification about 150. Normal ganglion with AChE in a few cell
bodies and in surrounding fibres. Some cells are more heavily stained than
others.
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ChAc activity was measured 1 405 isolated cell bodies tfrom the L7 gan-
glion (Buckrey et al.. 19676). 216 cells were disseeted from 7 normal ganglia
and 189 from 3 denervated ganglia. The 27 normal cells with measuralil
ChAc show activities from 13.6 to 0.8~ 10 moles ACh/hour (Fig. 16). Thes
cells represent 12.5 9 of the mvestigated population. Cell bodies with low
ChAc activity represent the majority of the population, whilst those with very
high aetivity are rare. After denervation the proportion of active ecells re-
mained approximately the same (13.2 9;) (Fig. 16). The difference between th
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individual values becomes less after denervation and a decrcase in the average
enzyme activity from 2.6 to 1.25 » 10" moles ACh/hour occurs as well,

5 experiments were performed determining MAO activity on 242 iso-
lated cell bodies from the L7 ganglion (Consovro, GiacoBini & KARJALAINEN,
1968). 142 cells were dissected from three control ganglia and 100 from the
two ganglia 32 days after denervation. 103 cells of the control ganglia (Fig. 17)
showed measurable MAO activitics between 1 and 42 > 107 moles of pro-
duct/hour. These represented 73 9, of the cells investigated and their mean
activity was 5.5 & 0.57 X 10" moles of product/hour. The majority of
the population were cell bodies with low MAO activity while a few had a
very high activity, above 20 < 10* moles of product/hour (Fig. 17). Of the
denervated ganglia 69 cells (Fig. 17) showed measurable MAO activities
between 2 and 46 > 107 moles of pmducl.f'hour. This represented 69 %, of
the cells investigated and their mean activity was 6.5 + 1.0.
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The majority of the population was constituted by cell bodies with
activity below 28 < 107" moles of product/hour. The proportion of active
cells in each experiment varied in the normal ganglia between 67.5 and 78.5 9,

&
P
Q
c
)
& R
@ R
oo b
t
[§
b
1 B
\
R reey
N Sy sl
F\\ SR Y B SN
2 6 28 4042 44 46
moles of product XI0"%hr
Fig. 17. — Frequency distribution of MAO activity in moles of product < 10-"™/hour in

normal and denervated sympathetic ganglion cells of the L7 ganglion of the cat.
The <haded areas represent the distribution after denervation.

and in the denervated ganglia between 69 and 70 9. A significant increase
in the average enzyme activity after denervation from 5.5 + 0.57 to 6.5
1.0 < 10 moles of product/hour was found.

The fact that the level of MAO activity in the whole ganglion is unchan-
ged (Fig. 12) despite a significant inerease in the level in the single cells indi-
cates that the MAO activity of the presynaptic fibres and their terminals,
and of the non-nervons (glial) component of the denervated ganglion is pro-
hably decreased. MAO activity has been found (Axelrod, personal communi-
cation, 1968) to be five times higher in the synaptosomal than in other frac-
tions, which may explain this decrease. This is accompanied by a conco-
mitant increase in the MAO activity of the postsynaptic component (cell
body). Since MAO activity is higher in the synaptic region than in other
parts of the nervous tissue, the degeneration of this region would be expee-
ted to produce a marked deerease of the total activity of the ganglion.

\n increase in norepinephrine content of the postsynaptic cell bodies
ot sympathetic ganglion cells (Fiscner & Syypegr, 1967) as well as of cen-
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tral monoaminergic cells (DanvsTrom & Fuxe, 1965) as a result of both pre-
and postsynaptic denervation has been reported.

These findings suggest that at least two biochemical alterations (NE
and MAQO) in postsynaptic cell bodies occur after presynaptic denervation.
To test whether the increased MAO activity is due to a proliferation or hy-
pertrophy of mitochondria, the activity of other specific mitochondrial
enzymes in the same material is now under investigation.

It should be emphasized once more that Hunt & Nevson (1965) and
GRriLLo (1966) found complete degeneration of the svnapses but no obvious
morphological changes in the postsynaptic cell bodies of denervated auto-
nomic ganglia from the frog and the rat. The few synapses which may resist
degeneration in the rat ganglia (GriLLo, 1960) are thought to arise from small
neurons, the « interneurons » of WinLiams (1967).

Our experiments (Consono., GiacoBint & Karjanainen, 1968) with
isolated cell bodies show that more than 70 9, of the cells in L7 contain the
enzyme required for the oxidation of the monoamines. These figures agree
relatively well with the percentage of cells (about 85 %) in which monoamine
fluorescence can be demonstrated (HamBercer., NorBErc & SioQvist,
1963). Our results also suggest that in L7 the cells storing monoamines may
be identical with those containing MAO, and MAO may be more specifically
localized than was previously considered on the basis of histochemical stu-
dies (KoeLLe & Vark, 1954). MAO would appear to occur mainly in mono-
amine containing neurons (Fig. 18).
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The lack of correlation between COMT activity and either MAO acti-
vity or catecholamine level in the ganglia found by Giacosint & KERPEL-

Ann, Isl, Super. Sanila (1968) 4, 4159-488,




GIACOBINI 181

Frontus (1968) suggests that the enzyme may not be selectively present in
the «adrenergic» cells. This result is in agreement with the view that
COMT may act outside the neuron itself but close to the receptor site
in the synapse,

COMPARISON OF ENZYME ACTIVITY IN SYMPATHETIC, PARASYMPATHETIC
AND SENSITIVE GANGLIA

Both AChE and ChAce show considerably higher activity in the ciliary
ganglion than in svmpathetic ganglia. In fact the highest values of the two
enzymes were found in the ciliary and superior cervical ganglia, and the lo-
west in the coeliac ganglion. The coeliac ganglion exhibits the highest MAO
activity, inversely the ciliary ganglion shows the lowest MAQO activity, that
is, about one half of L7.

Nodose and thoracie spinal ganglia show rather low MAO and COMT
activity (Gracosint & Kerper-Frontus, 1968). Cocliac and inferior mesen-
terie show the highest MAO activity of all sympathetie ganglia. The ciliary
ganglion contains only a few synaptic adrenergic structures (HAMBERGER,
NORBERG & UNGERSTEDT, 1965) and has the lowest MAO activity,

The ChAe activity in the dorsal spinal roots of the cat is very low, in
the order of 0.02 mg ACh/g dried tissue/hour, as compared to 10 mg/g dried
tissue/hour in the ventral roots (Hesg, 1962).

The AChE present in the dorsal spinal roots of the cat is also very low
(3-13 uM MeCh/g/hour) as compared to that of the sympathetic system (cer-
vical sympathetic nerve, 440 uM MeCh}'g,‘hour) (HEBB & KrviEVIC, 1962).
The ChAc and AChE levels agree quite well with the ACh content of these
regions (HEsB & Krnjevic, 1962).

CHOLINERGIC AND ADRENERGIC CELLS IN THE SYMPATHETIC GANGLIA

Our results support the idea that the sympathetic ganglia of the cat
contain two distinct cell populations : firstly a « cholinergic » population
representing in L7 about 10-15 9, of the ganglion cells (Fig. 18). These cells
are characterized by the presence of ChAe, high concentrations of AChE
and the absence of monoamine fluorescence and MAQ activity. Secondly,
an « adrenergic » population comprising about 73-88 9 of the ganglion cells,
which exhibits fluorescence for NE and MAO activity, [t contains low or
moderate AChE and no measurable ChAe activity. The first population is
indicated in the left part and the second in the right part of Fig. 18, The
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distribution pattern of the two populations in 1.7 ganglion of the eat is shown
in Fig. 19,

No. OF
CELLS ACh? [ChAc |\
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o NEURONE

NE | MAC
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Fig. 1Y. — Distribution patterns of AChlL, ChAe. MAO and Nk, in the L7 ganglion of the
cat, The enzyme activity and the degree of fluorescence for monoamines is ex-
pressed in arbitrary units, See text.

GENERAL COMMENTS

Neurophysiologists have provided, by means of their elegant studies,
useful and solid hypotheses about synaptic transmission mechanisms, and
they have also described the different phases of excitation and inhibition in
the nerve cells.

These studies have been possible only because of the introduction of
the intracellular recording technique, and with its help it has been possible
to study the response of single neuronal units. If such a powerful tool as the
microelectrode had not been discovered. our knowledge about the physiology
of the nervous system would still be very vague and fragmentary.

Tt is by no means unlikely that neurochemists and neuropharmacologists
in a relatively short time will be able to deseribe with equal precision the
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pharmacological and chemical features of differents types of neurons includ-
ing « adrenergic » and « cholinergic » neurons.

The results so far obtained in our laboratory may already help us to
answer a few questions which are of fundamental significance when trying
to understand the mechanism of action of drugs acting on the autonomic
nervous system,

In summary :

in the sympathetic ganglia of the cat the levels of AChE and ChAe
are rather well correlated when looking at the ganglion in toto, however,
the AChE containing neurons are much more numerous than the ChAe
containing neurons,

ChAc is localized mostly preganglionically in the nerve terminals whe-
reas AChE is localized both pre- and postganglionically. The postganglio-
nically localized AChE is present not only in the postsynaptic membrane
but also in the cell body and in the postganglionic fibres. These enzymes are
also highly concentrated in the postsynaptic terminals, a structure which is
unfortunately not readily available for chemieal analysis,

AChE has therefore a more « diffuse o+ distribution than ChAe. Actually
\CLE is present also in « adrenergic » neurons while ChAe is probably re-
stricted to « cholinergic » neurons (Fig. 19). Therefore, the presence of AChE
in the nearon does not represent a sure indication that the neuron is « cho-
linergic .

CONCLUSIONS

By using a simplified model of a functional unit of the nervous system
such as a sympathetic ganglion, we have tried to throw some light on pro-
blems connected with synaptic transmission, e.g.:

— is it possible for a neuron to metabolize different tvpes of tran-
smitters ?

— do true « adrenergic » or « cholinergic » neurons exist as is thought
in classical pharmacology ? The answer to this uestion seems to be negative
and, in our opinion, a neuron may be «less or more » « adrenergic » or « cho-
linergic ». An example of this is the presence of AChE in neurons showing
high concentrations of catecholamines.

[n this connection we should not forget, as pointed out earlier, that the
ame neuron may be stimulated or inhibited by a single transmitter, or that
Ihe same transmitter may have different physiological effects upon different
cell types. In other words, the autonomie neuron is probably equipped with
the tools for participating in several transmitter lines. The exact physiological
significance and the potential of the nearon in this respeet is still completely
nbseure. However. it is possible that the neuron possesses a biochemical me-
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chanism {for synthesizing and inactivating transnitters which may be modi-
ficd according to the physiological demand.

The next question is :

— s it possible that a certain transmitter such as ACh may be presen
in a nearon which is « non-cholinergic » or. more exactly. is it possible that
several types of transmitters may be present in the same neuron ¢ At the pre-
sent moment we have no evidence for or against this hypothesis. However,
this possibility can not be ruled out.

Has the cell body the capacity of svnthesizing transmitters 7

Our results clearly indicate that ChAc is present and concentrated in
certain neurons and therefore the pericarial synthesizing machinery  can
probably be activated whenever the transmitter is needed.

Has the cell body enzyvmes for the inactivation of the transmitter ?
AChE is present in a large percentage of sympathetic cells. and MAO is
equally present in many cell bodies. However, we have so far no direet evi-
dence for the presence of COMT in eell bodies.

Of interest is the fact that the transmitters are metabolized and synthe-
sized at least in two different parts of the neuron, that is. in the cell
body and in the synapse. This supports the theory that ACh and cate-
cholamines are formed in the cell body and then transferred through the
axon to the terminals. We know. however. that the axon (Kornic. 1967)
may also be able to synthesize enzvmes involved in transmitter metaho-

lism. e.g.. AChE.

The picture of the autonomie neuron emerging from our data is one of

a cell having latent biochemical potential. It has the capacity to synthesize
or inactivate the transmitter not only near or elose to the place where the
transmitter is used (synapse) but also far from it, that is, in the axon or in
the cell body.

The extraneuronal (glial) localization of transmitters or related enzymes
is still a matter of discussion. Work is in progress in our laboratory in order
to clarify this point.

The enzymatic pattern of the autonomic neuron is rather complex and
consists of several components : therefore. the presence in a neuron of a spe-
cific enzyme or even of the transmitter itself can not be taken as a conclu-
sive demonstration that this neuron is ¢ adrenergic » or « cholinergic »,

The last question is:

— how versatile is the neuron regarding the synaptic transmission
mechanism. Has the adult neuron the pnssii)ilil}' of changing or modifying
the transmission mechanism necessary for its function ? The data reported
above could indireetly indicate that a possibility for dynamic changes in the

neuron exist,
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Fig. 3 A and B show the two possible physiological synaptic connec-
tions present in a sympathetic ganglion. In A two preganglionic cholinergic
fibres impinge on two «adrenergic » neurons, in B one of the fibres impinges
on a «cholinergic » and the other on an « adrenergic » neuron. In the first
case there is a switch at the synaptic side from a « cholinergic » to an « adre-
nergie » metabolism. In both types of junctions ACh is acting physiologically.

In order to examine the possibility of changing or modifying these con-
nections which have been established during development, it should only
be necessary to exchange the type of presynaptic nerve ending. In a model
which is presently being investigated (Giacosint & Kerper-Fronius, 1968)
we have tried to modify these connections by making an anasthomosis bet-
ween a « pure » adrenergic nerve (preganglionically) and an adrenergic cell.
[n this case the synapse which is acting physiologically under the influence
of ACh is now challenged to perform its activity with another transmitter
(noradrenaline). At the present stage we can not vet say whether this expe-
riment has been successful, however, there are some indications that the pla-
sticity of the synapse may be far more pronounced than was earlier believed.

The implication of such a versatility in other processes such as learning
mechanisms, behavior and memory is obvious, however, there is still much
more to be learned before we understand the dynamic characteristics of the

neuron,

Summary. — New quantitative microchemical techniques for the mea-
surement of enzyme activity, metabolites and transmitters in single nerve
cells have become available recently. Several enzymes related to the meta-
bolism of transmitters can now be studied with high precision and accuracy
m individual neurons.

The cell population in the L7 ganglion of the cat has been used as a mo-
del to study the correlation between chemistry and pharmacology of auto-
nomic neurons. Both cholinergic fibres (sweat secretor and vasodilator) and
adrenergic libres (vasoconstrictor) originate from this ganglion. The acti-
vity of several enzymes (AChE. ChAc, MAO and COMT) as well as monoa-
mines have heen studied at three different levels. total ganglion, single cells
and subeellular fractions.

The results obtained by these analyses show that the sympathetic gan-
clia of the cat contain two distinet cell populations : firstly, a « cholinergic »
population, representing in L7 about 10-15 9, of the ganglion cells. This
population is characterized by the presence of ChAe. high concentrations
of AChE and the absence of monoamine fuorescence and MAO activity.,
The second is an « adrenergic » population, about 72-88 9, of the ganglion
cells. Tt exhibits fluorescence for NE and MAO activity and contains low

or moderate A\ChE activity and no measurable ChAe activity,
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In the svmpathetic ganglia of the cat the levels of AChE and ChAc ar
rather well correlated when looking at the ganglion in teto. However. the
AChE containing neurons are much more numerous than the ChAe contain-
mg neurons. ChAe is localized mostly preganglionically in the nerve terminal-
whereas AChE i< localized bhoth pre- and postganglionically. The postgan-
ghonically localized AChE 1= present not only in the postsynaptic membrane
but also in the cell body and in the postganglionie fibres These enzymes are
also highlv concentrated in the postsynaptic terminals. AChE has therefore
a more « diffuse » distribution that ChAe. Actually AChE is present also in
«adrenergic » neurons while ChAe 1s probably restricted to « cholinergic
neurons, Therefore the presenee of AChE in a neuron does not represent
an indication that the neuron is « cholinergic 1.

A model is presented for examining the possibility of changing or modi-
fving physiological synaptic connections in the autonomic nervous svstem.

The implication of synaptic plasticity in learning. hehavior and memory
mechanisms is emphasized.

Riassunto. (Biochimica ¢ farmacologia del neurone del sistema autonomo).
— Nuovi metodi microchimici quantitativi. adatti alla misurazione di
attivita enzimatica in singole cellule nervose. sono  stati recentemente
introdotti.

Diversi tips di enzimi partecipanti al metabolis modi sostanze trasmet-
titrici del sistema nervoso (acetileolina, noradrenalina. ecc.) possono ora essere
studiati con grande precisione in neuroni isolati.

La popolazione cellulare del settimo ganglio lombare del gatto venne
usata come modello onde studiare aleune correlazioni chimiche ¢ farmaco-
logiche nel nearone del sistema autonomo.

Da questo ganglio prendono origine sia fibre eolinergiche (per le ghian-
dole sudoripare ¢ vasodilatatrici) che fibre adrenergiche (vasocostrittriei),
Lattivita di diversi enzimi quali : acetileolinesterasi, colinoacetilasi. mono-
aminoossidasi ¢ catecol-o-metiltrasferasi ¢ la concentrazione di monoamine
(noradrenalina e adrenalina) vennero studiate a tre diversi livelli ; nel ganglio
totale. nelle singole cellule e in frazioni subeellulari.

I risultati di tale analisi dimostrano che la popolazione dei gangli sim-
patici del gatto & costituita da due distinti gruppi eellulari. TI primo ¢ un
gruppo « colinergico . rappresentante in L7 circa il 10-15 %, delle cellule
gangliari. Questa popolazione & ecaratterizzata dalla presenza di colinoace-
tilasi, da alte concentrazioni di acetileolinesterasi ¢ dell’assenza di fluorescenza
per le monoamine e assenza di attivitd monoaminoossidasica. Il secondo grup-
po & costituito da una popolazione di cellule « adrenergiche v che costituisee
circa il 72-88 ¢, delle cellule gangliari. Tale popolazione consta di cellule che

dimostrano fluorescenza per la noradrenalina ed attiviti monoaminonssi-
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Jdasica. ¢ che contengono bassa o moderata attivita acetileolinesterasica ma
non colinoacetilasica. '

Esaminando il ganglio in toto, i gangli simpatici del gatto dimostrano
una buona correlazione tra i valori dell’acetilcolinesterasi e quelli della colino-
acetilasi. A livello cellulare, tuttavia, si osserva che i neuroni aventi attivita
acetileolinesterasica sono assai pit numerosi di quelli aventi attivita colino-
acetilasica. La colinoacetilasi & localizzata prevalentemente nella parte pre-
gangliare e nelle terminali sinaptiche, mentre I’acetilcolinesterasi & localiz-
sata sia nella parte pre- che in quella postgangliare. L’acetilcolinesterasi
localizzata al livello postgangliare & presente non solo nella membrana post-
sinaptica ma anche nel corpo cellulare e nelle fibre postgangliari. Entrambi
¢li enzimi sono altamente concentrati nelle terminazioni postgangliari.

Si pud dire percid che Pacetileolinesterasi dimostra una distribuzione
meno specifica e pin diffusa che la colinoacetilasi. Di fatto 'acetileolinesterasi
¢ presente anche in neuroni « adrenergiei » mentre la colinoacetilasi & speci-
ficamente concentrata nei neuroni « colinergici ». La presenza di acetilcoli-
nesterasi in una cellula nervosa non pud essere ritenuta dunque come una
indicazione che il neurone & « colinergico ».

Per esaminare la possibilita di scambiare e modificare le connessioni
sinaptiche del sistema autonomo dell’adulto, funzionanti fisiologicamente,
si pud usare un modello presentato dall’autore mediante il quale si reinnerva
un ganglio simpatico con fibre « adrenergiche » pure.

L’importanza di conoscere il grado di plasticita e rimodellamento a li-
vello della sinapsi viene discussa e messa in relazione a problemi quali quelli
del’apprendimento, del comportamento e dei meccanismi della memoria.

The work performed in our laboratory and mentioned in this paper was supported by
srants from the U.S. Public Health Service, National Institute of Health, NB 04561-04, -
5 and -06, from the Swedish Medical Research Conncil project No. 12X-246-03, -04 and -05,
ind from the Italian National Research Council (Consiglio Nazionale delle Ricerche).
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