
entorhinal cortex layer IV, which pro- 
jects to the basal forebrain and cortex 
(14). . . 

In conclusion, our findings reveal a 
remarkably specific cellular pattern of 
pathology in Alzheimer patients. By giv- 
ing rise to the major cortical input to the 
hippocampal formation, the cells affect- 
ed in the entorhinal cortex constitute the 
major gateway of information from the 
association and limbic cortices. The cells 
damaged in the subiculum and CAI field 
are equally critical since they are the 
major recipients of hippocampal output, 
and this constitutes the gateway of hip- 
pocampal influence on various parts of 
the neuraxis, such as the association 
cortices, the amygdala, the basal fore- 
brain, and the diencephalon. Cellular 
damage to these key projection neurons 
of hippocampal circuitry isolates the hip- 
pocampal formation by disconnecting 
major input and output pathways, and it 
is difficult to conceive that the hippo- 
campal formation in the brains of Alzhei- 
mer patients is functionally useful. This 
isolation of the hippocampal formation 
may be no less devastating (15) with 
regard to memory than removal or de- 
struction of the entire structure, and 
contribute to the contextual memory de- 
fect that is a major component of the 
amnesia in Alzheimer's disease. 

Our results are offurther interest when 
viewed in relation to the cholinergic defi- 
ciency (5) in the cortex of Alzheimer 
patients and to reports of diminished cell 
density in the cholinergic neurons of the 
nucleus basalis of Meynert, both of 
which have been linked with memory 
impairments (16, 17). The basal forebrain 
has strong connections with medial tem- 
poral lobe structures, directly with neu- 
rons of the subiculum and layer IV of the 
entorhinal cortex (14) or indirectly via 
the amygdala (18). 

BRADLEY T. HYMAN 
GARY W. VAN HOESEN* 

ANTONIO R. DAMASIO 
CLIFFORD L. BARNES 

Departments of Neurology and 
Anatomy, University of Zowa, 
Zowa City 52242 

References and Notes 

1. M. Mishkin, Philos. Trans. R .  Soc. London Ser. 
B 298, 85 (1982); L.  R. Squire and S. Zola- 
Morgan, in The Physiologic Basis of Memory, J. 
A. Deutsch, Ed. (Academic Press, New York, 
19831, p. 199. 

2. W. B. Scov~lle and B. Milner, J .  Neurol. Neuro- 
surg. Psychiatry 20, 11 (1957); A. R. Damasio, 
P. J. Eslinger, H. Damasio, G. W. Van Hoesen, 
S. Cornell, Arch. Neurol. (Chicago), in press. 

3. T. McLardy, In!. J .  Neurosci. 1, 113 (1970); M. 
J .  Ball, Neuropathol. Appl. Neurobiol. 2, 395 
(1976); Acta Neuropathol. 42, 73 (1978); T. L.  
Kemoer. in Senile Dementia: A Biomedical AD- 
p o a i h ,  K. Nandy, Ed. ( ~ l s e v i e r l ~ o r t h - H ~ I -  
land, Amsterdam, 1978), p. 105. 

4. A. Alzhe~mer, Allg. Z. Psych~atr. Ihre Grenz- 
geh. 64, 146 (1907); A. Hirano and H. M. 

Zimmerman, Arch. Neurol. (Chicago) 7, 227 
(1962); G. Blessed, B. E. Tomlinson, M. Roth, 
Br. J .  Psychiatry 114, 797 (1968); J. Constantini- 
dis, in Aging, vol. 7, Alzheimer's Disease: Se- 
nile Dementia and Related Disorders, R. Katz- 
man, R. D. Terry, K. L. Bick, Eds. (Raven, 
New York, 1978), p. 15; A. Brun and E. Eng- 
lund, Histopathology 5,  549 (1981); G. K. Wil- 
cock and M. M. Esiri, J .  Neurol. Sci. 56, 343 
(1982); R. D. Terry and R. Katzman, Ann. 
Neurol. 14, 497 (1983). 

5. P. Davies and A. J. F. Malony, Lancet 1976-11, 
1403 (1976); E. K. Perry et al., Br. Med. J .  2, 
1457 (1978): R. M. Marchbanks. J .  Neurochem. 
39, 9 (1982). 

6. A. G. Herzog and T L. Kemper, Arch. Neurol. 
(Chicago) 37, 625 (1980). 

7. L. L. Iversen el al., Neurosci. Lett. 39, 95 
(1983). 

8. P. J. Whitehouse, D.  L .  Price, R. G. Struble, A. 
W. Clark, J. T. Coyle, M. R. DeLong, Science 
215, 1237 (1982); T. Arendt, V. Bigl, A. Arendt, 
A. Tennstedt, Acta Neuropathol. 61, 101 (1983); 
J. M. Candy et a / . ,  J .  Neurol. Sci. 54, 277 
IlOR?) 
\',Vd,. 

9. Alzheimer's disease refers to cases of dementia 
occurring at any age with characteristic neuro- 
pathologic changes. Our cases contained neuro- 
fibrillary tangles, neuritic plaques, and granulo- 
vacuolar degeneration. These alterations were 
not present in appreciable numbers in the con- 
trol brains. The mean duration of the disease in 
the Alzheimer cases was 5.8 years. 

10. L. G. Luna, Ed., Manual of Histologic Staining 
Methods of the Armed Forces Institute of Pa- 
thology (McGraw-Hill, New York, 1968); M. I. 
Stokes and R. J. Trickey, J .  Clin. Pathol. 26 
(1973). Nissl-stained material of two of the con- 
trols, ages 76 and 83, was obtained from the 
Armed Forces Institute of Pathology (Yakovlev 
Collection). Congo red and hematoxylin-eosin 
sections were not available for these brains. We 
have not as yet attempted to quantify the con- 
spicuous cell loss in either the subiculum or 
entorhinal cortex, but we are confident that 
changes of a large magnitude would be observed 
in the brains of Alzheimer patients whose illness 
was lengthy. 

11. The perforant pathway arises from layers I1 and 
I11 of the entorhinal cortex, and courses through 
the subiculum. It terminates along the outer 
dendritic branches of the subicular and hippo- 
campal pyramids, and on the outer two-thirds of 
the dendritic field of dentate gyrus granule cells. 
It initiates a multisynaptic excitatory sequence 
of intrinsic hippocampal circuits that terminate 
in the CAI field and the subiculum. 

12. G. W. Van Hoesen, D. N. Pandya, N. Butters, 
Science 175, 1471 (1972); 0. Steward, J .  Comp. 
Neurol. 167.285 (1976): D. L. Rosene and G. W. 
Van Hoesen, Science 198, 315 (1977); G. W. 
Van Hoesen, D. L.  Rosene, M.-M. Mesulam, 
ibid. 205, 608 (1979); M. M. Mesulam, Arch. 
Neurol. (Chicago) 36, 814 (1979). 

13. L. W. Swanson. J .  M. Wvss. W. M. Cowan. J .  - - -  -- , ~ 

Comp. Neurol. 181, 681 (i978). 
14. G. W. Van Hoesen, Trends Neurosci. 5, 345 

(1982); K. C. Kosel, G.  W. Van Hoesen, D. L.  
Rosene, Brain Res. 244, 201 (1982); K .  E. Sor- 
enson and M. P. Witter, Neurosci. Lett. 35, 259 
(19R7) \.,-",. 

15. N. Geschwind, Brain 88, 237 and 585 (1965); A. 
R. Damasio, H. Damasio, G. W. Van Hoesen, 
Neurology 32, 331 (1982); E.  A. Murray and M. 
Mishkin, Soc. Neurosci. Symp. 9, 27 (1983). 

16. R. T. Bartus, R. L. Dean 111, B. Beer, A. S .  
Lippa, Science 217, 408 (1982). 

17. Damage to the.basal forebra~n due to infarction 
of the region has also been linked to a memory 
disorder; A. R. Damasio, N. Graff-Radford, P. 
Eslinger, N. Kassell, Soc. Neurosci. Symp. 9, 
29 (1983); Arch. Neurol. (Chicago), in press. 

18. J. L.  Price and D. G. Amaral, J .  Neurosci. 1, 
1242 (1981). 

19. Supported by NIH grants POI NS 19632, IF  
32EY 05720, and NS 14944. We thank M. Ha- 
leem, curator of the Yakovlev Collection, 
Armed Forces Institute of Pathology, for his 
cooperation (NINCDS-AFIP contract YOI-NS- 
7-0032); H. Damasio for collecting material for 
the study; M. N. Hart for reviewing the patho- 
logic slides; and P. Reimann, D. Kramer, and L. 
Kromer for technical assistance. * Address reprint requests to G.W.V.H. 

9 March 1984; accepted 10 May 1984 

Insulin-Mediated Regulation of Neuronal Maturation 

Abstract. Exposure to insulin increased stimulus-evoked transmission at synapses 
formed in culture by cholinergic retinal neurons derived from fetal rats. This effect 
occurred at physiological concentrations and was long lasting. The findings support 
the hypothesis that insulin may serve as a developmental signal to regulate the 
emergence of effective neurotransmission across nascent synapses. 

Insulin and its receptors are found 
within the central nervous system (1). 
Although the significance of this discov- 
ery is unclear, one possibility is that 
insulin may play a role in brain develop- 
ment. Consistent with this possibility is 
the detection of insulin-like immunoreac- 
tivity, insulin receptors, and insulin-me- 
diated effects on macromolecular syn- 
thesis in the fetal nervous system (2). 
However, a functional role for insulin in 
neuronal maturation has not been identi- 
fied. Using a cell culture system, we 
examined the effect of insulin on the 
developmental step in which a presynap- 
tic neuron becomes capable of informa- 
tion transfer. We found that insulin could 
precociously induce in cholinergic neu- 
rons derived from fetal rat retina the 
capability of releasing acetylcholine at 
synapses in response to an excitatory 
stimulus. 

The cell culture system we used con- 
sisted of retinal and muscle cells ( 3 4 ) .  

Cholinergic neurons dissociated from 
perinatal rat retinas rapidly form func- 
tional synapses in culture with rat striat- 
ed muscle cells (3). Muscle cells are 
useful in studies of postsynaptic respons- 
es of cholinergic neurons because the 
membranes of muscle cells have areas 
with a high density of cholinergic recep- 
tors and because their physiological re- 
sponse to acetylcholine has been exten- 
sively studied in vivo and in culture (5). 
In addition, their relatively large size 
permits prolonged intracellular monitor- 
ing of postsynaptic responses. 

The formation of functional retina- 
muscle synapses undergoes a sequence 
of developmental steps (3, 4, 6). Early in 
the maturational process, there is a peri- 
od in which the neuronal release of ace- 
tylcholine occurs spontaneously but can- 
not be evoked by stimuli such as potassi- 
um or glutamate, a putative excitatory 
neurotransmitter. This "nontransmit- 
ting" phase is followed by the emer- 
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gence of the "transmitting" stage in 
which stimulation of cholinergic retinal 
neurons can evoke acetylcholine release 
by a mechanism dependent on extracel- 
lular calcium (3, 7, 8). Previous experi- 
mental findings (4, 6) have led to the 
hypothesis that the transition from the 
nontransmitting to the transmitting stage 
is due to the maturation of neuronal 
mechanisms which couple the ability to 
respond to a depolarizing stimulus with 
the capability of releasing acetylcholine. 

We assessed the effect of insulin on 
the development of evocable cholinergic 
neurotransmission at retina-muscle syn- 
apses. In all experiments reported here, 
the retina-muscle synapses examined un- 
der control conditions were in the non- 
transmitting phase of development (9). 
Figure 1A shows a penwriter record of 
synaptic activity detected by an intracel- 
lular micropipette in a postsynaptic mus- 
cle cell (10). Before exposure to insulin, 
application of glutamate did not evoke 
synaptic input. However, evoked synap- 
tic input could be detected approximate- 
ly 1 hour after the miniperfusion of medi- 
um containing insulin. By approximately 
3 hours after exposure to insulin a rela- 
tively strong evoked response was ob- 
served. Repetitive applications of gluta- 
mate, without exposure to insulin, did 
not induce evocable transmission (sam- 
ple size, 12). 

The time course for the insulin-mediat- 
ed induction of evocable synaptic trans- 
mission was quantified (Fig. 1B). Be- 
tween 1 and 3 hours after exposure to 
insulin was begun, there was a marked 
increase in evocable transmission. In 
contrast, neither the incidence of inner- 
vated muscle cells nor the spontaneous 
rate of postsynaptic activity was signifi- 
cantly affected (11). Thus, insulin ap- 
pears to influence selectively the 
evoked-not the spontaneous-trans- 
mission at these immature cholinergic 
synapses. If insulin had an effect such as 
increasing the half-life of acetylcholine 
or increasing the responsiveness of myo- 
tubes to the neurotransmitter, both spon- 
taneous and evoked activity would be 
expected to be influenced. The induction 
of stimulus-dependent transmission re- 
quired 30 minutes or less of exposure to 
medium supplemented with insulin. Spe- 
cifically, combined cultures of retina and 
muscle cells were exposed to insulin (20 
nglml) or vehicle for 30 minutes and then 
washed extensively. Twelve hours later, 
46 * 6 percent (mean * standard devi- 
ation) (triplicate experiments; sample 
size, 23) of the innervated muscle cells in 
the experimental group had glutamate- 
evoked synaptic input. In the control 
group, the value was 13 * 2 percent 
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(triplicate experiments; sample size, 22). 
The finding of evocable transmission 12 
hours after removal of the insulin-con- 
taining medium suggests that this hor- 
monal effect is not rapidly reversible. 

The effect of insul.in was dependent on 
concentration (Fig. 1C). The half-maxi- 
mally effective concentration of insulin 
was 0.6 nglml. This value is similar to 
that for insulin-mediated stimulation of 
lipogenesis in isolated adipocytes (12). 
Although one group of investigators has 
questioned the existence of insulin in the 
brain (13), most reported values of brain 
insulin are within the range 0.6 to 10 ng 
per gram of tissue (wet weight) (14). 
Thus, it appears that the insulin-mediat- 
ed effect on neurotransmission found in 
our study occurs at physiological con- 
centrations. 

To help assess the specificity of the 
insulin effect on synaptic transmission, 
the potencies of bovine proinsulin, des- 
octapeptide insulin (DOP), and multipli- 
cation-stimulating activity (MSA) (an in- 
sulin-like growth factor derived from rat) 
were compared with the dose-response 
curve for insulin (Fig. 1C). The specific- 
ity of insulin relative to proinsulin, DOP, 

and MSA is consistent with a mechanism 
involving insulin receptors (15). This is 
in agreement with the biochemical evi- 
dence that there are specific insulin re- 
ceptors in the rat retina (I). 

An important issue was whether insu- 
lin acted primarily on the retinal cells or 
on the cells in the muscle culture to 
mediate the development of evocable 
neurotransmission. Dissociated retinal 
cells were incubated in medium supple- 
mented with bovine insulin (20 nglml) or 
vehicle. After 7 hours, the retinal cells 
were centrifuged, washed extensively, 
and added to muscle cell cultures. When 
assayed 1 day later, 44 * 10 percent 
(triplicate experiments; sample size, 24) 
of the myotubes innervated by the retinal 
neurons previously exposed to insulin 
had glutamate-evoked synaptic input. In 
contrast, only 5 * 8 percent (triplicate 
experiments; sample size, 21) of the in- 
nervated muscle cells in the control 
group had evocable input. Additional 
experiments demonstrated that treat- 
ment of muscle cells with insulin (20 ngl 
ml) for 1 day before the addition of 
retinal cells had no effect on the develop- 
ment of evocable synaptic transmission. 

0 1 2  16 17 18 19 82 83  84  167 166 211 212 213 
Minutes 

Insulin 

/- 
4' control  / 

Hours Concentration (nglml) 

Fig. 1. (A) Effect of insulin on stimulus-dependent synaptic transmission (17). Bars show the 
times for the microiontophoresis (55 nA) of glutamate or the miniperfusion of bovine insulin (50 
nglml) (18). (B) Time course for the development of evocable neurotransmission. At time zero 
the medium was replaced with medium A supplemented with bovine insulin (20 ngiml) or 
vehicle. Each point represents the mean of two to four experiments (mean sample size, 25). 
Standard deviations were 10 or less. (C) Dose-response curves for the induction of evocable 
synaptic transmission by insulin and some naturally occurring and chemically modified insulin- 
like molecules. At the seventh hour of culture, medium A was replaced with medium A 
containing bovine insulin (e), proinsulin (A), or DOP (0); or with BME supplemented with 10 
percent nondialyzed fetal bovine serum (Gibco) (B) and bovine insulin; or with BME 
supplemented with bovine serum albumin (2 mgiml) (Sigma) and MSA (19) (0) or bovine insulin 
(A). At 1 day after culture, the electrophysiological assay was performed. One hour before the 
assay, the medium with bovine serum albumin was replaced with medium A. Each point 
represents the mean of assays from two to five cultures with a mean of eight innervated 
myotobes sampled per culture (20). The vertical bar shows the largest standard deviation 
observed. 
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cate that the effect of insulin on neuro- 
transmission at retina-muscle synapses 
can be explained by an action of the 
hormone on retinal cells. Whether insu- 
lin acts directly on cholinergic neurons 
or indirectly via other types of retinal 
cells, such as noncholinergic neurons or 
glial cells, remains to be determined. 
Also, the possibility that insulin may 
influence transmission at mature synap- 
ses has yet to be explored. 

In summary, insulin can regulate the 
timing of the developmental step in 
which cholinergic neurons derived from 
the rat retina acquire the ability to trans- 
mit excitatory information across synap- 
ses formed in culture. Earlier studies 
indicate that glucocorticoid hormones (4) 
and dopamine (16) also are regulatory 
signals for the maturation of cholinergic 
retinal neurons. Although the regulation . 
of neuronal development is a complex 
process, it appears possible, with the use 
of a cell culture system, to dissect and 
analyze certain ontogenetic steps. 
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The Twitch in Horses: A Variant of Acupuncture 

Abstract. The twitch procedure in horses attenuates the increase in the heart rate 
evoked by pain-inducing stimuli and the reaction of the animals to such stimuli. 
Endorphin systems are probably involved in the effectiveness of the twitch, since its 
action is blocked by naloxone and its application increases plasma concentrations of 
immunoreactive P-endorphin. The mode of action of the twitch cannot be explained 
by the generally accepted theory of divertive pain and may resemble that of classical 
acupuncture. 

Techniques for restraining horses have 
been used for many years by farmers and 
veterinarians who wanted to perform mi- 
nor procedures such as shoeing, medical 
examinations, and injections. One of the 
most popular techniques is twitching, 
which is still generally used. The twitch 
is a 20- to 100-cm long wooden stick with 
a loop of rope at the end. This loop is 
twisted rather tightly around the upper 
lip of the horse (Fig. 1). After application 
of the twitch, the horse becomes quieter, 
appears somewhat sedated, the eyelids 
drop, and its hostile attitude decreases. 
The horse's interest in its surroundings 

diminishes and it becomes difficult to 
stimulate it to walk. The tolerance and 
acceptance of pain increases. Converse- 
ly, if the loop is twisted too tightly the 
horse strikes at the twitch with its fore- 
legs, which suggests a reaction to an 
aversive stimulus. 

Information concerning the mecha- 
nism underlying the effectiveness of the 
twitch is scarce. Several hypotheses 
have been proposed to explain its mode 
of action: (i) the attention of the horse is 
distracted, (ii) the pain induced by the 
pressure on the upper lip leads to a 
decreased perception and awareness of 
pain produced by treatments performed 
on another part of the body, and (iii) the 
horse becomes insensible to painful stim- 
uli (1). The generally accepted explana- 
tion is based on a combination of the first 
two and is described as "divertive pain" 
(1-5). It is suggested that the twitch 
activates pain receptors evoking a feel- 
ing of pain with the result that the per- 
ception of other painful stimuli decreases 
or is even absent. However, horses do 
not react to the twitch as they do to 
painful stimuli, but are instead more or 
less sedated and quiet. Moreover, 
wounds in the upper lip have less influ- 
ence on food intake than wounds in other 
parts of the body. 

For these reasons, we propose that the 
effect of the twitch is not due to divertive 
pain but to activation of a system that is 
capable of decreasing pain perception, 
awareness, or both. The mechanism of 
the twitch seems to resemble that of 
classical acupuncture in that it stimulates 

Fig. 1. The twitch procedure in horses. mechano-receptors in the skin. The 
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