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INTHODI'CTION 

The priniary pliysiological fuiictiori of acc tylcliolinesterase in liniitiiig tlie 
transmitter action of acetylcholine at synaptic and neuroeffector sites is well 
established. In addition, the presence of acetylcliolinesterase in varying 
quantities in non-cliolinergic iienrones aiitl in some non-nervous tissues is 
known (Koelle, 1963). 

Auery arid Rapp (1959) denionstrated acetylcliolinesterase activity in 
human teeth. They foinid acetylcholinesterase in the nerve fibers nnderlying 
tlie pretlentine and tliroughout the odontoblasts, including their seconclary 
processes. Rvery and Kapp suggxted tliat an acetylclioline-mediatetl synapse 
between the odontoblasts and the adjacent free nerve endings was tlie niecha- 
nisin of pain conduction. Ten Catc arid Shclton (1966) were unalile to confirm 
these I-iistocheniical findings and denied tlie possibility of a cholinergic 
synapse. Later, Rapp, Awry and Strachan (1967) found no acetylcholinester- 
ase activity in the odontoblastic processes of huniari primary teeth with 
coniplcte roots, hiit they noticed intense aciivity in tlie coronal parietal 
nerve plexus. 

In  the de,ntal germs of rats arid bovines acetylcliolinesterase activity is 
linked wit11 the presence of nervous elements, althougli a fully formed bovine 
incisor also displays an aeetylcholinesterase-negative nervous component 
(Quinturelli, 1961 ; Cu.vallazzi, Veggetti & Calleguri, 1966). 
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The presence of noradrenaline in the Iiurnari pulpal nerves has been 
demonstrated sirriiiltaneously hy Anneroth and Norberg (1968) arid Pohto 
and Antiln (1968). The visnalization of the transmitter of atlrenergic nerve 
endings rendered it possible to study the distribution of the syrnptlietic 
nerves in the pidp. Both tt~anrs found a close connection of syarl)atlietic 
fibers with hlood vessels and attributed a vasoregulatory function to thesc 
fibers. 

There is also physiological evidence for tlie pr.'sence of vasoconstrictor 

of sympathetic nerves are somewhat contradictory (?'aylor, 1950 ; Neidlc 22 
Liebman, 1964a, 1964J); Ogilvie, Cillilan J;. Knapp, 1966). Even with 
cornhined methods it is difficult to tlistinguisli bctwcxen the nerve terniirials 
on the hasis of anatornical features. Arzcdl (1958) found tw~o types of unmye- 
h a t e d  nerve fibers in the human tooth pulp, but only one of them was sup- 
posed to  he of autonomic origin and located in the vascular wall. As Gerebtzoff 
(1959) has pointed out, the fact that nerves run in association with hlood 
v~ssc ls  does not mean that they terminate in these vessels. 

Histochemical demonstration of noradrenaline and acetylcliolinesterase af- 
fords more specific information on the nature of i i e rv~us  elements. The innine 
histochemistry of neiirones provides methods for the monoarnine-ergic 
nervom systems (Eriinko, 1967a). High concentrations of acetylclioliriesterase 
are localized iii cholinergic, e.g. parasyinI)athetic, neurones, and lower, 
variable concentrations are present in sensory a n d  in some adrenergic 
neurones (Koelle, 1955, 1963). However, it is still a matter of deliate whether 
3cetylcholiriesterase and noradrenaline can he Iiresent in the same axon, or 
are actually in (:losely associated axoiis w-hicli cannot be resolved liy light 
microscopy (Eriinkj, 196713). 

fillers in the dental pulp, although the results of experiments on stimul. '1 t '  1011 

MATERIAI. AND VETHODS 

Material for tlie histochemical demonstration of acetylcholiriesterase and 
noraclrerialirie was obtained from rat incisors, rahbit incisors a r i d  niolars, 
ant1 cat cuspids and molars. Five to eight animals of each species were includ- 
ed. ' h e  human material consisted of permanent incisors, cuspids, premolars 
and molars. Altogether ahout 1500 sections were examined. 

Specimens for acetylcholinesterase were talcen froni freshly extracted teeth, 
whicli were split open. The piilps were f i x d  in 4 formaldehyde solution 
with 1 CaCI,. The fixation time ranged from 2 liours to 2 days. Sections 
of washed pulps were cut with a freezing microtoriie at 15-25,~. The free- 
floating sections w r e  preincuhated for 30 minutes in the siibstrate-free 
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medium with the inhibitor of nonspecific clioliriesterase or acetylcholinester- 
ase or lioth together. The inliibitors were 10-5M tetra-isopropylpyrophosplior- 
aniirle (iso-OMPA; Koch-Light Laboratories LTD., Colnbrook, England) 
and l(.Y5M 1,5-bis (4-allyldimethyl-arnnioniumphenyl) pentan-3-one dibrornidc 
(284C51; The Wellcorne Research Laboratories, London). Incubation proper 
was carried out at 37°C for 2 to  18 hours uTith t.he above-mentioned inhibitor 
combinations. The substrate, pH 6.0, was made up  according to a d i rec t -  
colouring)) thiocholine niethorl (Kurnovsky & Roots, 1964). The incubatetl 
and rinsed sections were mounted in polyvinylpyrrolidone. 

Ground sections were preparzd from fixed or unfixed human and rabbit 
teeth at ahout 200 ,~ .  l h e  treatment was as above. Frozen sections were also 
made of rat and rabbit parotid glands and striated muscle and treated identi- 
cally for the evaliiation of results. 

‘The formaldehyde-induced fluorescence of catecholamines after the freeze- 
drying of specimens was used for the demonstration of noradrenaline (Fnlcli, 
H~IZCGIJ, Thierne & Torp, 1962). The procetlure followed has been descrihed 
in detail in a previous paper (Pohto & Antila, 1968). 

HESU1,TS 

Acrtykholinesterase 
~~cetylcholinesterase-positive nerve fibers were observed in the pulps of 
every species included in the investigation. The amount of these fibers varied 
not only according to  species and tooth examined, but also according to the 
age of individual. In‘cnbation times exceeding 10 hours were necessary to 
visualize acetylcholinesterase in the pulps, whereas 30 minutes was enough in 
the tests with the motor end-plates of striated muscle and 2 hours sufficed 
w-ith the parasympathetic nerves of the rat parotid gland. 

In sections of human root pulps incubated for 18 hours, the acetylcholines- 
terase activity was confined to the nerve hundles. Often these trunks followed 
blood vessels (Fig. 1). Higher magnification of the bundles revealed the 
rectilinear course of single fibers (Fig. 2). In the coronal portion of the pulp 
divergence of fibers from branching bwidles was frequent. In  addition to 
straight-running fibers, there was a delicate network of acetylcholinesterase- 
positive fibers on the surface of some of the larger blood vessels (Fig. 2 ) .  
Below the coronal odontoblasts, it was riot possible to identify the nerve 
plexus of Raschltow, with its characteristic loops. The peripheral fibers trav- 
ersed the cell-poor zone of Weil, often spreading out fanwise (Fig. 3).  

The area of odontoblastic bodies and prederitine contained acetylcliolines- 
terase, but no activity was found in the dentine or in the odontoblastic proc- 
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Fig. 1. Slightly oblique section of a human upper incisor pulp. Acetylcholinesterase-positive 
nerve bundles (n) of the cervical area are running close to blood vessels. Incubation 18 hours. 

x 180. 

Fig. 2. Longitudinal section of a human upper incisor pulp. Nerve bundles (n) composed of 
straight-running single fibers. A delicate network (nw) of fibers on the surface of blood vessel. 

Acetylcholinesterase activity, incubation 18 hours. x 150. 
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Fig. 3. Human upper incisor pulp. Longitudinal section of a coronal portion. Nerve fibers (f)  
of branching bundles (n) traversing the zone of A eil. Acetylcholinesterase activity, inculmtion 

18 hours. x 125. 

Fig. 4. Bucco-lingual ground section of the unerupted lower third molar of man. Acetylcholin- 
esterase activity of the area of odontoblastic bodies and predentine is observed around the 

pulpal cavity. Incubation 13 hours. x 7. 
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Fig. 5. Paravascular nerve plexus (p) and a nerve bundle (n) in a cat lower molar. Acetylcholin- 
csterase activity, inruhation 10 hours. x 200. 

esses (Fig. 4). Some sample tests with butyryltliioclioline as substrate sug- 
gested that t.he predentinal area also contained riorispecific cliolinesterase. 
It1 the liuman pulps nonspecific cliolinesterase showed the sanie general 
distribution as acetylcholiriesterase. 

1 lie incisors of rats of varying ages ( 8 0 4 0 0  g) showed sparse acetylcholin- 
esterase-positive structures and sections totally devoid of stained rieiirones 
were found. The pulps of cat cuspids and molars contained fewer acetylclw 
linesterase-staillet1 fibers than the liuman arid rabbit material. 

In the cat molars a paravascular fiber plexus was observed alongside some 
of the 1argr:r blood vessels (P’ig. 5). The plexus was clearly visiblc after 10 
hours’ inciiliation. The finest nerve fibers detected in the cat pulps were 
1-2 / i  in diameter and were sharply outlined against an essentially cholin- 
est prase-ncgative background (Fig. 6). 

In the rabbit pulps the mature connective tissue matrix inchitled numerous 
acei ylcliolinesterasc-containing mesenchymal cells (Fig. 7). The neitral 
si.aining of the rabbit pulps resembled that of the Eiunian pulps. Also a n  
acctylcIiolinesterase-f,ositive band coinc rig with the area of the odoritohlast- 
ic bodies was found i:i the rabbit. 

In  control tests with the choliriesterase inhibitors the specific staining was 
abolished or reduced significantly. In the substrate-free medium no staining 
was observed. 

r 1  
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Fig. 6. Single nerve fibers (f)  in a cat upper molar. A vessel with acetylcholinesterase-positive 
blood cells is seen. Incubation 10 hours. One scale division 17p. 

Fig. 7 .  Rahbit lower incisor with single nerve fibers (f). Acetylcholinesterase containing 
rnesenchyrnal cells are  evenly distributed throughout the pulp. X 200. 
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Fig. 8. Longitdinal srction of a cat lower cnnp:d pulp showing a sympathctic a(lrcnergic 
ground plexus on an arteriole. Intlivitliial green-fluorescent fibcrs with bead-like varicosities 
(v-). Paraxial arteriole (a) without sympathetic innrrvation. The specific fluorewencr of 
S-hydroxytryptaminc of platelets is seen within the arteri~rlc. Yellowish autofluoresct~nce nf 

rollagenous fibers (c). Dark-firld condmscr. Y 325. 

Fig. 9. Transverse section of the same pulp as in Fig. 8. Dark-field condenser. x 340. 
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Fig. 10. Kalhit lower incisor pidj). Transvcrsc section through the radicular portion. Intensely 
fluorescmt fibers running in  the pcripher;il pnlp. Bright-field condenser. ‘1 120. 

Fig. 11. Longitudinal section of the same area as in  Fig. 10. The section is made thrniigh a 
sympathetically innervated arteriole (a). Nonvaricose coiled fibers of unknown nature are 

not associated with hlood vessels. For details scc text. Bright-field condenser. Y 120. 
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Noradrem 1 in P 

The induced fluorochrome from the noradrenaline of the sympathetic post- 
ganglionic terminals was seen in the human, cat and rabbit pulps studied. 
The incisor pnlps of rats were devoid of adrenergic fibers. 

Within the teeth the main arteries ascended the coronal pulp and arborizetl 
into arterioles. Some, hut clearly not all, of these vessels were surrounded by 
an adrenergic ground plexus (Fig. 8 and 9). Often it was an adjacent paraxial 
arteriole which laclced the adrenergic fibers. In  the human, rabbit and cat 
pulps the thin walls of some veins also had a sympathetic innervation. In  the 
serial sections the terminal axons containing intensely fluorescent varicosities 
could often be followed on blood vessels up  to ahout 15 p in diameter. Neither 
the subdentinal capillaries of cat or rabbit pulps nor the anastomotic peripher- 
al capillary network of human pulps were supplied with sympathetic fibers. 

The upper and lower incisors of the rabbit contained fluorescent fiber of a 
type which was not seen in the other species. These green-fluorescent fibers 
were located peripherally only in the radicular portion of the pulps (Figs. 
10 arid 11). The fibers were not associated with blood vessels and disappeared 
in a borohydride reduction test. These fibers differed from autofluorescent 

Fig. 12. Root pulp of aged human lower molar displaying a strong nonspecific background 
fluorcswnce. One sympathetically innervated arteriole (a) is observed. Bright-field condenser. 

x 150. 
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collagenous fibers in sharpness, intensity, colour and distribution (Figs. 8 
and 12). On the other hand, the varicosities typical of the sympathetic terminal 
axons were lacking and regeneration of the fluorescence by repeated exposure 
to formaldehyde gas was unsuccessful. 

The most disturbing collagen autofluorescence in the specimens studied 
was encountered in the aged human pulps (Fig. la), and generally, the human 
pulps displayed the most intense nonspecific background fluorescence. 

DISCUSSION 

Acetylcholinesterase 
The four accepted types of cholinergic nerve fibers are somatic motor, some 
fibers of the central nervous system, pregangIionic autonomic and post- 
ganglionic parasympathetic, including some sympathetic fibers. Primary 
sensory neurones with their terminations are generally assumed to be noncho- 
linergic, in spite of their acetylcholinesterase content (Koelle, 1963). Thus, 
it is reasonable to presume that the acetylcholinesterase-positive neurones of 
pulps are of postganglionic autonomic and sensory origin. 

The long incubation period required for the accumulation of a sufficient 
amount of reaction product suggests that the acetylcholinesterase-positive 
nerve bundles and fibers in the pulps studied are sensory. Formaldehyde 
fixation improves the preservation of structural detail, but a simultaneous 
loss of cholinesterase activity occurs (Taxi, 1952 ; Couteat~x, 1958). However, 
the intense staining of fixed motor end-plates and parotid parasympathetic 
neurones with incubation times shorter than those necessary for similarly 
fixed pulpal neurones indicates that the acetylcholinesterase content of 
nerve fibers in the pulps is better correlated with sensory than with para- 
sympathetic neurones. 

The observed coronal penetration of afferent sensory fibers to an odonto- 
blastic layer seems understandable, since sensory terminals are found lying 
between the process of an odontoblast and the wall of a dentinal tubule 
(Fearnhead, 1967). 

It is more difficult to interpret the acetylcholinesterase-positive fiber 
network on some blood vessels. With the exception of the digital arteriove- 
nous anastomoses of human skin (Hurley & Mescon, 1956), there are few 
cholinergic terminals of parasympathetic origin along the veins and arteries 
of various species and organs. S'riggs, Lever and Graham (1968) gathered 
evidence which militates against the presence of acetylcholinesterase in the 
periarteriolar sympathetic plexus. KoeZZe (1963) has drawn attention to the 
difficulty of distinguishing between stained nerve terminals and vascular 
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srriootli muscle fibers. The localization of the faint reticular staining on some 
of the larger blood vessels of human pulps remains unclear for the present. 

The more prominent acetylcholinesterase-positive network of fibers asso- 
ciated with some of the hlood vessels of cat molars resemhles the autonomic 
ground plexus described by Hillnrp (1959). A group of cells in the cat supe- 
rior cervical ganglion has a high concentration of acetylcholinesterase and in 
the corresponding axons the enzyme remains proportional to the perikaria 
(Korllc, 1955; Giucobini, 1957). Sympathetic neurones of this kind have 
been postulated to be cholinergic and to have vasodilatory function (Folkow, 
Frost, Harger & U-vrzus, 1948; Bolmc. & FUXP, 1967). However, we think that 
the nervous network ohserved in the cat molars is not of autonomic origin, 
but represents paravascular sensory nerves which may respond to algesic 
stimuli (Lim, 1968). Besides the long incubation time required, the sensory 
nature is substantiated hy the greater distance of the fibers from the vascular 
wall than was observed with the perivascular sympathetic ground plexus. 

The acetylcholinesterase-positive staining of the band lining the human 
pulp cavity does not imply that the odontoblastic bodies contain acetyl- 
cholinesterase. Many sniall capillary loops are found in the odontoblastic 
layer (Snunders & Rockert, 1967). The acetylcholinesterase content of 
hunian erythrocytes is 100-fold that of the cat, although the plasma contains 
only traces of acetylcholinesterase in most species (Koelle, 1963). In  the 
ground sections, diffusion of acetylcliolinesterase from the sensory terminals 
or from the haemolyzetl erythrocytes may be responsible for the staining. 
Thus, no confirmatory evidence was obtained for the proposed cholinergic 
synapse between the odontoblasts and the free nerve endings in the teeth. 

In the study of Ten Cute and Shelton (1966), the cholinesterase staining 
of the pulps was marred by a nonspecific precipitate and continuous prolonged 
incubation was impossible. Obviously, the phosphate buffer used instead 
of a maleate buffer and the lack of an inhibitor for the nonspecific cholinester- 
ase were the  causes. 

The parasympathetic innervation of ox and horse pulps was described in 
morphological terms by Armenio and Laforgin (1955). Although the present 
method allows only careful quantitative conclusions about acetylcholinester- 
ase, in the light of the foregoing findings we suggest that the pulps studied 
were not supplied with cholinergic, e.g. parasympathetic, neurones. 

Noradrenuline 
The pattern of sympathetic innervation associated with the blood vessels 

of cat and rabbit pulps agreed with earlier findings in man (Anneroth& 
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Norberg, 1968; Pohto & Antila, 1968). The possible existence of nonterminal 
axons is difficult to demonstrate because of their low amine concentration 
(Dahlstriim & Fuxe, 1964). No nonterminal axons were found in the cat 
or rabbit material, but in the human molars a faint fluorescence was observed 
in the structiires suggested to be trunks, as reported earlier (Pohto & Antila, 
1968). This fluorescence was abolished by borohydride reduction in the 
specificity test, but the fact that it could not be regenerated may be due to 
the low noradrenaline content. 

The sparse varicose fibers rzached blood vessels of suitable calibre to  be 
called metarterioles. Whether the pulpal precapillary sphincters described 
by Provenza (1958) receive sympathetic innervation or not remains to be 
revealed by more refined techniques. 

The nonvaricose fibers in the root pulps of the continuously growing rabbit 
incisors resembled the sympathetic terminals in a penile retractor muscle 
of the bull, even though the pulpal fibers were not so strongly coiled (Klinge, 
Pohto & Solatunturi, 1968). These single incisal fibers were not related 
to the blood vessels, but no extravascular smooth muscle is known to exist 
in a pulp. The nature of the fibers remains obscure. 

There was a pronounced difference between the incisors of the two rodents 
examined. In contrast to those of the rabbit, the pulps of young or adult 
rats were not supplied with sympathetic axom. Taylor (1950) observed that 
stimulation of the cervical sympathetic nerves retarded or stopped the flow 
of blood in the rat incisor, but there was no change in an arteriole calibre 
within the pulp. The present finding also indicates a more proximal sympathet 
ic control of the blood flow. On the other hand, the pulpal vessels of a rat 
incisor may contain sympathetic a-receptors, since adrenaline in local anal- 
gesic solutions affected the circulation in the dental pulp (Pohto &: Scheinin, 
(1962). The species variation in the background fluorescence of the pulps 
was obviously dependent on qualitative differences in the autofluorescent 
collagen fibers (Prenna & Sacci, 1964; Bailey, 1968). 
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SUMMARY 

Histochemical methods were employed to  visualize acetylcholinesterase and 
noradrenaline in human, rabbit, cat and rat pulps. All the pulps examined 
contained acetylcholinesterase-positive nerve fibers; these were fewest in 
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the rat incisors. In the light of the present findings, there appears to be no 
convincing evidence for the cliolinergic nature of these fibers, which are 
suggested to be afferent sensory fibers. Thus, no parasympathetic terminals 
were identified. 

Of the pulps examined, those of man, rabbit and cat were supplied with 
adrenergic sympathetic nerves associated with blood vessels; the incisal 
pulps of rats were devoid of vasomotor innervation. 

RBSUMB 
A C ~ T H Y L C H O L I N E S T ~ R A S E  ET N O R A D R ~ N A L I N E  DANS LES NERFS DES PC‘LPES 

DENTAIRES DES MAMMIFBRES 
Les auteurs ont utilisC des mhthodes histochimiques pour mettre en Cvidence 
1’acCtylcholinestCrase et  la noradrhnaline dans les pulpes de l’Homme, du 
Lapin, du Chat et du Rat. Toutes les pulpes examinkes contenaient des fibres 
nerveuses achtylcholinesthrase-positives ; c’htait dans les incisives du rat 
que ces fibres Ctaient le moins nombreuses. A la 1umiF.re des rCsultats de la 
prCsente htude, il ne semble pas y avoir de preuve Cvidente de la nature 
cholinergique de ces fibres, qiii seraient des fibres sensitives affhrentes. On 
n’a ainsi pas identifiC de terrninaisons parasympathiques. 

Parmi les pulpes examinhes, celle de l’Homme, du Lapin et  du Chat 
recevaient des rierfs sympathiqnes adrknergiques associCs ii des vaisseaux 
sanguins; les pulpes des incisives des rats Ctaient dCpourvues d’innervation 
vaso-motrice. 

ZUSAMMENFASSLNG 

ACETYLCHOLINESTERASE UND NORADRENALIN IN DEN NERVEN DER 

ZAFINPULPA EINIGER SAUGETIERE 

Zuni Nachwei3 von Acetylcholinesterase und Noradrenalin in der Pulpa 
von Menschen, Kaninchen, Katzen imd Ratten wurden histochemische 
Methoden angewandt. Alle untersuchten Pulpas enthielten acetylcholineste- 
rase-haltige Nervenfasern, am wenigsten (lie der Rattenschneidezahne. 
Rngesichts dieser Ergebnisse sprechen keine iiberzeugenden Anlialtspunkte 
fiir die cholinergische Natur dieser Fasern, die man ausschliesslich fur affe- 
rente sensorische Fasern hd t .  Dementsprechend rvurden keine parasympathi- 
schen Nervenenden gefunden. In den untersuchten Pulpas von Menschen, 
Kaninchen und Katzen waren die adrenergischen Fasern mit Blutgefgssen 
verbunden; in der Pulpa der Schneidezzhne von Ratteri fanden sich keine 
vasornotorischen Nerven. 
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