
(12) showed that 1,3-dimethyluric acid 
and 3-methylxanthines were produced in 
addition to caffeine (Fig. 2). However, 
the amount of caffeine produced was five 
times greater than the oxidative metabo- 
lites, suggesting that the predominant 
pathway of theophylline metabolism in 
the human fetus is methylation. 

The presence of active methylation re- 
actions (11, 13, 14) and the low activity 
of the hepatic microsomal oxidative en- 
zymes in the human fetus and newborn 
infant (15) helps to explain the produc- 
tion of caffeine in neonates that are given 
theophylline (4). Our report provides ev- 
idence that caffeine is not only produced 
by the fetal liver but could be the major 
metabolite of theophylline. 

It is intriguing to relate these results to 
the exceedingly slow elimination of caf- 
feine in the newborn infant (mean half- 
life in plasma, 102 hours compared to 6 
hours in nonsmoking adults) (16, 17) and 
to the faster elimination of theophylline 
in the neonate (mean half-life in plasma, 
30 hours; adult value, 6 hours) (1, 18). 
The continued methylation of the di- 
methylxanthines to caffeine with negli- 
gible demethylation or C8 oxidation of 
caffeine (12, 19) could result in caffeine's 
accumulation in plasma and slower elim- 
inatiqn in the premature infant (16). 

It is possible that theophylline ac- 
quired transplacentally, as when the 
mother drinks tea, may contribute to the 
fetal (and neonatal) caffeine load (5, 20). 
Direct administration of theophylline to 
newborn infants with apnea results in 
concentrations of caffeine in plasma that 
can elicit significant pharmacotherapeu- 
tic activity (1). Thus, the pharmacologic 
effects in infants treated with theo- 
phylline may in part be contributed by 
caffeine. 
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As a precursor of acetylcholine (ACh), 
choline is an essential factor in choliner- 
gic transmission (1). According to sever- 
al recent reports (2), some patients suf- 
fering from tardive dyskinesia and pos- 
sibly other disorders are significantly 
improved by ingestion of relatively large 
doses of choline or lecithin (from which 
choline is freed after absorption). These 
patients thus appear to suffer from a defi- 
ciency in cholinergic transmission in the 
brain, and the beneficial action of choline 
is thought to be mediated by an increase 
in neuronal ACh available for release 
from cholinergic nerve endings (3, 4). 
Another possible mechanism must be 
kept in mind. Choline is itself an ACh 
agonist (5), and therefore large doses of 
choline, which are known to raise greatly 
choline levels in the brain (3, 4), might 
have a significant direct action on cere- 
bral neurons. In our first systematic in- 
vestigation of cortical cholinoceptive 
neurons (6-8), choline was reported to 
be a weak excitant of ACh-sensitive 
cells. In view of the present great inter- 
est in choline and its clinical use (9), it 
seemed important to reinvestigate this 
topic in more detail. Judging by the rela- 
tive intensities of equipotent iontopho- 
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retic currents, choline appears to be 
quite a strong excitant of ACh-excitable 
neurons, being only some eight times 
weaker than ACh itself. 

Multibarrel glass micropipettes (10) 
were inserted into the pericruciate cor- 
tex of cats under light gaseous anesthesia 
(11). Under these conditions, neurons 
that are situated in the deeper cortical 
layers and discharge spontaneously in a 
characteristic manner (6) are particularly 
sensitive to ACh; as shown by the record 
of firing frequency of such a neuron in 
Fig. 1, these cells are often strongly ex- 
cited by iontophoretic applications of 14 
nA or less [probably equivalent to re- 
lease of < 50 fmole/sec (12)]. When cho- 
line was.released from another barrel of 
the micropipette, a response was ob- 
tained that was comparable in both in- 
tensity and time course (note especially 
the prolonged aftereffect), but a greater 
application of choline was almost always 
necessary: in Fig. 1, equipotent ionto- 
phoretic currents differed by a factor 
of 10 (it is also evident from Fig. 1 that 
the excitant action of choline compares 
quite favorably with that of glutamate re- 
leased by an identical but briefer ion- 
tophoretic current). The mean ratio of 
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Choline Excites Cortical Neurons 

Abstract. In cats under halothane or methoxyfiurane, iontophoretic applications 
of choline are only eight times weaker than applications of acetylcholine in evoking 
firing of neurons in the sensorimotor region of the cerebral cortex. The action of 
choline is suppressed by atropine but not by two agents that block choline uptake 
(hemicholinium-3 and triethylcholine), and is not potentiated by an anticholinester- 
ase (physostigmine). Choline therefore appears to excite cortical neurons by a direct 
action, which may be a significant component of its beneficial therapeutic effects. 
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Fig. 2. Physostigmine selec- 
tively potentiates responses to 
ACh but not choline. (A and 
B) Postcruciate unit showing 
only minimal spontaneous ac- 
tivity but excited at regular 20- 
second intervals by brief (5- 
second) applications of gluta- 
mate. In (A) additional appli- 
cations of ACh and choline 
evoked mainly a small in- 
crease in background activity. 
Record (B) was obtained 6 
minutes after starting a steady 
and continuing release of phy- 
sostigmine, which led to a pro- 
gressive increase in responses 
evoked by ACh but did not en- 
hance those produced by cho- 
line. (C) Data from another 
cell again indicate selective 
enhancement of ACh-evoked 
responses; in this series there 
were no applications of gluta- 
mate. 

Time (min) 

equipotent currents (12) of choline and 
ACh, applied for a similar period to 34 
different neurons (in ten cats) was 8.2 
(standard deviation, 5.12). [A further 
point of interest is that choline depressed 
the firing of a smaller population of cells 
that were inhibited by ACh (13).] 

The excitatory effect of choline, like 
that of ACh (6-8), was readily and com- 

pletely blocked by atropine, adminis- 
tered either directly by iontophoresis or 

intravenously (1 mg/kg). Another char- 
acteristic was a pronounced sensitivity 
to the depth of anesthesia, a two- to five- 
fold increase in the concentration of hal- 
othane or methoxyflurane leading to a 
sharp reduction in responsiveness to 
both ACh (6, 14) and choline. 

These observations strongly indicated 
activation of the same postsynaptic mus- 
carine receptors, but they did not ex- 
clude a possible indirect mechanism of 
action of choline, particularly through its 
uptake and conversion to ACh, thus 

making more ACh available for release- 
as emphasized especially by Wurtman 
and co-workers (3). [An action on pre- 
synaptic muscarine receptors was un- 
likely since activation of these tends to 
reduce ACh release (/5).] If choline act- 
ed predominantly by increasing ACh re- 
lease, rather than directly on postsynap- 
tic receptors, then the inhibition of cho- 
linesterase activity in the cortex should 
potentiate the action of both ACh and 
choline. In several experiments, physo- 
stigmine was released from the micro- 
pipette in conjunction with relatively 
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small applications of choline and ACh. 
The results were entirely unambiguous. 
On every occasion physostigmine great- 
ly potentiated the action of ACh but not 
that of choline. Two examples of such 
tests (on two different cells) are illus- 
trated in Fig. 2. In Fig. 2, A and B, the 
neuron was excited throughout by regu- 
lar brief applications of glutamate, and 
initially the applications of ACh and cho- 
line were just above threshold, evoking 
only a minor facilitation in glutamate- 
evoked responses and some increase in 

background firing (Fig. 2A). After sever- 
al minutes of physostigmine ejection, the 
response to ACh was enormously in- 
creased, while that to choline remained 
essentially unchanged (Fig. 2B). The 
graph in Fig. 2C shows a comparable se- 
lective enhancement of ACh-evoked fir- 

ing of another cell. 
In a second type of experiment, we ap- 

plied hemicholinium-3 (HC-3), a well- 
known blocker of choline uptake that 
should prevent any enhancement of ACh 
stores available for release (1). [In some 
experiments we used triethylcholine in- 
stead, for the same purpose (16).] There 
was no evidence of a specific depression 
of the excitatory effects of choline (in 
some instances, triethylcholine had an 
atropine-like action on both ACh and 
choline responses). On the contrary, 
these agents (HC-3 particularly) had a 
slow, ACh-like excitatory action, as pre- 
viously reported (17), or potentiated the 
actions of choline and ACh. 

We therefore conclude that choline 

has a marked excitatory action in the ce- 
rebral cortex, which is probably exerted 
through muscarine receptors. Although 
the iontophoretic technique does not 
provide a reliable estimate of the effec- 
tive concentrations attained in the tissue, 
these observatioqs indicate that at least 
some central ACh-sensitive neurons are 
sensitive to choline. It is therefore pos- 
sible that large systemic doses of choline 
may directly activate many postsynaptic 
muscarine receptors in the central ner- 
vous system. This could explain why 
choline appears to be effective therapeu- 
tically even though there is no evidence 
that it alters the turnover of ACh in the 
brain (18). 
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in their endocrine cell content. 

Recent textbooks in histology (1) de- 
scribe the endocrine pancreas as a col- 
lection of minute secretory masses, 
called islets of Langerhans, that are 
formed of insulin-containing cells (most 
abundant), glucagon-containing cells, 
and somatostatin-containing cells (least 
abundant). Islets of Langerhans are said 
to be dispersed randomly in the exocrine 
tissue and to be more numerous in the 
body and tail of the gland than in the 
head. This report demonstrates that this 
view is largely incomplete. 

In the rat, the pancreas is an irregular- 
ly shaped, elongated organ extending be- 
tween the duodenum and the spleen. It is 
drained by at least two main excretory 
ducts (2) which open into the biliary duct 
at various levels. Injection of India ink 
(3) into the main proximal (or dorsal) 
duct, which drains into the biliary duct 
closest to the liver, results in the black- 
ening of at least two thirds of the gland 
including the tail, body, and upper part 
of the head (Fig. 1A). Injecting the main 
distal (or ventral) exocrine duct, which 
opens into the hepatic duct closest to the 
duodenum, stains the remaining third of 
the pancreas (the lower part of the head) 
(Fig. 1C). Figure lB illustrates diagram- 
matically the paths of these ducts. 

A rat pancreas was fixed by perfusion 
with Bouin's fluid, and a piece (1 by 0.5 
by 0.3 cm) was removed from the region 
drained by the dorsal duct, dehydrated, 

SCIENCE, VOL. 206, 14 DECEMBER 1979 

in their endocrine cell content. 

Recent textbooks in histology (1) de- 
scribe the endocrine pancreas as a col- 
lection of minute secretory masses, 
called islets of Langerhans, that are 
formed of insulin-containing cells (most 
abundant), glucagon-containing cells, 
and somatostatin-containing cells (least 
abundant). Islets of Langerhans are said 
to be dispersed randomly in the exocrine 
tissue and to be more numerous in the 
body and tail of the gland than in the 
head. This report demonstrates that this 
view is largely incomplete. 

In the rat, the pancreas is an irregular- 
ly shaped, elongated organ extending be- 
tween the duodenum and the spleen. It is 
drained by at least two main excretory 
ducts (2) which open into the biliary duct 
at various levels. Injection of India ink 
(3) into the main proximal (or dorsal) 
duct, which drains into the biliary duct 
closest to the liver, results in the black- 
ening of at least two thirds of the gland 
including the tail, body, and upper part 
of the head (Fig. 1A). Injecting the main 
distal (or ventral) exocrine duct, which 
opens into the hepatic duct closest to the 
duodenum, stains the remaining third of 
the pancreas (the lower part of the head) 
(Fig. 1C). Figure lB illustrates diagram- 
matically the paths of these ducts. 

A rat pancreas was fixed by perfusion 
with Bouin's fluid, and a piece (1 by 0.5 
by 0.3 cm) was removed from the region 
drained by the dorsal duct, dehydrated, 

SCIENCE, VOL. 206, 14 DECEMBER 1979 

J. C. Szerb, Adv. Behav. Biol. 24, 49 (1978)]. 
16. W. C. Bowman and M. J. Rand, Br. J. Pharma- 

col. 17, 176 (1961); W. C. Bowman ard I. G. 
Marshall, in International Encyclopedia of 
Pharmacology and Therapeutics, J. Cheymol, 
Ed. (Pergamon, Oxford, 1972), sect. 14, vol. 1, 
p. 357. 

17. K. Krnjevid, R. Pumain, L. Renaud, J. Physiol. 
(London) 215, 223 (1971). These atropine-sensi- 
tive excitatory effects of HC-3 may be explained 
by either a direct activation of muscarine recep- 
tors by HC-3 or a rise in concentration of extra- 
cellular choline secondary to block of choline 
uptake. 

18. S.-A. Eckernas, L. Sahlstrom, S.-M. Aqui- 
lonius, Acta Physiol. Scand. 101, 404 (1977). 

19. W.R. is a fellow of the Deutsche Forschungsge- 
meinschaft. We are grateful to the Canadian 
Medical Research Council for financial support 
and to F. C. Macintosh and B. Collier for help- 
ful discussions. 

22 March 1979; revised 9 May 1979 

J. C. Szerb, Adv. Behav. Biol. 24, 49 (1978)]. 
16. W. C. Bowman and M. J. Rand, Br. J. Pharma- 

col. 17, 176 (1961); W. C. Bowman ard I. G. 
Marshall, in International Encyclopedia of 
Pharmacology and Therapeutics, J. Cheymol, 
Ed. (Pergamon, Oxford, 1972), sect. 14, vol. 1, 
p. 357. 

17. K. Krnjevid, R. Pumain, L. Renaud, J. Physiol. 
(London) 215, 223 (1971). These atropine-sensi- 
tive excitatory effects of HC-3 may be explained 
by either a direct activation of muscarine recep- 
tors by HC-3 or a rise in concentration of extra- 
cellular choline secondary to block of choline 
uptake. 

18. S.-A. Eckernas, L. Sahlstrom, S.-M. Aqui- 
lonius, Acta Physiol. Scand. 101, 404 (1977). 

19. W.R. is a fellow of the Deutsche Forschungsge- 
meinschaft. We are grateful to the Canadian 
Medical Research Council for financial support 
and to F. C. Macintosh and B. Collier for help- 
ful discussions. 

22 March 1979; revised 9 May 1979 

and embedded in paraffin. Three hun- 
dred serial sections, each 3 ,um thick, 
were cut from the block; one of every 25 
was stained with hemalum-eosin to as- 
certain the presence of well-preserved is- 

and embedded in paraffin. Three hun- 
dred serial sections, each 3 ,um thick, 
were cut from the block; one of every 25 
was stained with hemalum-eosin to as- 
certain the presence of well-preserved is- 

A A 

VT--RAL 

VENTRAL 
B 

VT--RAL 

VENTRAL 
B 

lets of Langerhans (the islets in this re- 
gion are referred to as dorsal islets). The 
sampled areas yielded several islets com- 
pletely or incompletely cut by the serial 
sectioning. From these islets, one was 
selected for reconstruction on the basis 
of completeness and quality. Successive 
groups of four consecutive sections in 
this series (77 sections were needed to 
include the entire selected islet) were 
stained by the immunofluorescence tech- 
nique of Coons et al. (4), with specific 
antiserums to insulin, glucagon, soma- 
tostatin, and pancreatic polypeptide (5) 
being used. Color photographs from 
each immunofluorescent stained section 
were copied to scale onto Lucite sheets 
(Fig. 2, A to D) (6). The numbers of each 
endocrine cell type on each sheet were 
counted. Of 3126 cells counted, 2063 (66 
percent) contained insulin, 874 (28 per- 
cent) contained glucagon, 123 (4 percent) 
contained somatostatin, and 66 (2 per- 
cent) contained pancreatic polypeptide. 
Nine islets stained in the same sections 
showed qualitatively the same distribu- 
tion. 

A similar reconstruction procedure 
was applied to one of the 16 ventral islets 
present in serial sections of a block taken 
from the lower part of the pancreatic 
head (Fig. 2, E to H), which is drained by 
the main ventral exocrine duct. In 68 se- 
rial sections evaluated, 4136 cells were 
counted, of which 3061 (74 percent) con- 
tained insulin, 818 (20 percent) contained 
pancreatic polypeptide, 190 (4 percent) 
contained somatostatin, and 67 (< 2 per- 
cent) contained glucagon (7). 

Fig. 1. (A) Thick longitudinal section in paraf- 
fin of an entire rat pancreas following injec- 
tion of India ink into the main dorsal exocrine 
duct. Approximately two-thirds of the gland is 
stained, including the tail (right), body, and 
superior part of the head (left). The remaining 
third, the inferior part of the head, is not 
stained. The stained region yielded islets of 
Langerhans rich in glucagon-containing cells 
and poor in pancreatic polypeptide-contain- 
ing cells (see Fig. 2, A to D) (x 1.3). (B) Dia- 
gram of a pancreas showing pancreatic 
ducts injected with a mixture of India ink and 
latex (3). The main dorsal duct draining the 
part of the pancreas stained in (A) opens into 
the biliary tract at the point where the two he- 
patic ducts merge to form a single biliary duct 
(BD). The main ventral duct draining the 
lower part of the pancreatic head [see (C)] 
opens into the biliary duct below the entry of 
the main dorsal duct and close to the duode- 
num (not shown): (C) Thick longitudinal sec- 
tion in paraffin of an entire rat pancreas fol- 
lowing injection of India ink into the main 
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the main dorsal duct and close to the duode- 
num (not shown): (C) Thick longitudinal sec- 
tion in paraffin of an entire rat pancreas fol- 
lowing injection of India ink into the main 
ventral exocrine duct. Only the lower part of 
the pancreatic head is stained. This part of the 
pancreas yielded islets of Langerhans rich in 
pancreatic polypeptide-containing cells and 
poor in glucagon-containing cells (see Fig. 2, 
E to H) (x1.3). 
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Endocrine Pancreas: Three-Dimensional Reconstruction 

Shows Two Types of Islets of Langerhans 

Abstract. Three-dimensional reconstructions of islets of Langerhans, based on im- 
munofluorescent staining of successive serial sections with antiserums to insulin, 
glucagon, somatostatin, and pancreatic polypeptide reveal a marked difference in 
the number of cells containing glucagon and pancreatic polypeptide depending on 
the anatomical location of the islet in the pancreas. The two types of islets are situat- 
ed in regions of exocrine tissue that are drained by different excretory ducts. This 
demonstration contradicts the assumption that all islets in the pancreas are similar 
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