
ing sleep is consistent with the occur- 
rence of a recuperative process in this 
group of neurons (9), the lack of dis- 
charge during sleep seems to result from 
the behavioral inactivity imposed by 
sleep, rather than some specific neural in- 
hibitory process. 

One might hypothesize that the ex- 
tended silences resulted from electrode 
movement that caused loss of unit re- 
cording. We can reject this hypothesis. 
(i) Our recording technique allowed 
stable recording for extended periods 
of time in a variety of brainstem areas 
(10). (ii) In every case, the NSA' unit 
spike trains were recorded both before 
and after silent periods (Fig. 2). In 12 
of these neurons, continuous record- 
ings lasting more than 8 hours and includ- 
ing several sleep-waking cycles were ob- 
tained. Spike waveshape, signal-to-noise 
ratio, discharge patterns, and the unique 
behavioral correlates of discharge were 
always stable throughout the period of 
observation. (iii) All of the NSA units 
had large signal-to-noise ratios and 
stable spike amplitudes. In no case was a 
change in spike amplitude observed at 
the beginning or end of a silent period. 

We have encountered these cells in his- 
tologically verified sites in midbrain re- 
gions (AP 1.0 to 3.0, ML 0.0 to 0.2, DV 
-0.8 to -3.2) and in the pontine reticular 
formation (AP 3.0 to 8.0, ML 1.0 to 2.8, 
DV -3.6 to -7.0). After we were alerted 
to the existence of NSA cells, about 30 
percent of the cells that were encoun- 
tered were of this type. However, the 
percentage of these cells in the brain is 
difficult to estimate accurately. Many of 
the cells fired only in sporadic bursts and 
could easily have been overlooked. Cells 
with more subtle sensory or motor corre- 
lates would not have been activated by 
our simple stimuli. Furthermore, the 
concentration of NSA units may not be 
the same in all brain regions, although 
the frequencies of encounter in the mid- 
brain and pontine regions did not differ. 

It was necessary to apply systematic 
stimulation while exploring for unit activ- 
ity in order to find NSA neurons. If this 
were done in other brain areas, other 
types of NSA units might be found. 
Adams (11) found four otherwise silent 
cells in the midbrain that were selective- 
ly activated during elicited affective be- 
havior, although he did not make sleep 
recordings. 

The existence of NSA cells has been 
predicted in work by Vladimirova et al. 
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The existence of NSA cells has been 
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(12), who calculated, on the basis of his- 
tological and electrical field analysis, 
that fewer than 5 percent of the neurons 
within range of their cortical micro- 
electrodes showed spontaneous activity. 
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These findings, coupled with the results 
reported here, suggest that NSA cells 
constitute a large proportion of neurons 
in the brain. 

The idea that neurons are sponta- 
neously active is incorporated in a wide 
range of theories of brain function (2). 
The brain's information processing has 
been conceptualized as a system for ex- 
tracting signals from the background 
noise of spontaneous activity (3). The 
existence of large numbers of NSA neu- 
rons allows alternative formulations of 
these theories. The specificity of dis- 
charge in these neurons suggests the exis- 
tence of specialized neural systems oper- 
ating phasically in relation to specific sen- 
sory or motor events. Such systems 
might have considerably less ambiguity 
in their output than systems solely em- 
ploying neurons with high levels of spon- 
taneous activity. 
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Memory: Proline Induces Retrograde Amnesia in Chicks 

Abstract. Intracerebral injection of L-proline, I minute after one-trial avoidance 

training of chicks, impaired memory 24 hours later. Chicks injected with proline 1 or 
4 hours after training and controls injected with L-isoleucine at intervals after train- 

ing, showed no impairment of memory 24 hours after training. The retrograde impair- 
ment of long-term memory induced by proline occurred without the convulsions or 

electrographic events usually associated with retrograde amnesic treatments. 
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The formation of long-term memory 
has been assumed to include one or more 
time-dependent steps. Interference with 
early steps produces a selective loss of 
recent memory, called retrograde am- 
nesia (1). The treatments commonly 
used to induce experimental retrograde 
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amnesia (2) are deleterious agents such 
as electroconvulsive shock (ECS), chem- 
oconvulsants, anesthetics, and protein 
synthesis inhibitors, which have multiple 
and widespread actions. A more physi- 
ologically selective chemical treatment 
would be desirable for tracing the dis- 
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Fig. 1. Avoidance score (percentage of chicks 
not pecking target within 10 seconds) 24 hours 
after peck-avoidance training, as a function of 
training-to-treatment interval. Memory reten- 
tion of the single avoidance training trial is 
indicated by a high avoidance score. Reduced 
avoidance in chicks injected with 300 mM L- 
proline (10 tul per brain hemisphere; closed 
circles) indicates impaired memory retention. 
Control chicks were injected with L-isoleu- 
cine (open circles). 

ruption of memory to specific brain 
mechanisms. In a similar approach am- 
nesia is induced with subseizure electri- 
cal brain stimulation of small cerebral 
"hot spots" (3). L-Prioline disrupts 
"short-term" memory tested within 4 
hours after one-trial avoidance training, 
at nontoxic doses and without noticeable 
alterations in brain electrical activity (4). 
We now report that proline has an amnes- 
ic effect on long-term memory, tested 24 
hours after training. 

A total of 505 naive White Leghorn 
cockerels (strain K-137, Pace/Setter 
Products, Inc., Alta Loma, Calif.), 
44 ? 10 hours old, were housed individ- 
ually in cartons (8.5 cm in diameter by 
16.5 cm deep) throughout the experiment 
(5). The one-trial learning procedure (6) 
consisted of suppressing the chick's 
spontaneous tendency to peck a target 
(3-mm stainless steel bead fixed to a thin 
rod). Suppression resulted from a single 
10-second training trial with the target, 
which had been coated with an aversive 
liquid (100 percent methyl anthranilate). 
The extent of peck suppression 24 hours 
later was used to estimate retention of 
the training trial. Control groups re- 
ceived identical training but without the 
aversive coating on the target. 

At 1, 63, or 239 minutes after training, 
each chick received an intracerebral in- 
jection in each forebrain hemisphere of 
10 ,ul of 300 mM L-proline or of 300 mM 
L-isoleucine as a control, each brought to 
pH 7.2 ? 0.2 with NaHCO3. The effec- 
tive training-to-treatment intervals (TTI) 
were designated as 2, 64, or 240 minutes, 
to allow an arbitrary 1 minute for distri- 
bution of the amino acids from the in- 
jection sites (7). Five hours after train- 
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ing, all chicks were coded to preclude ex- 
perimenter bias. As the test for 
retention, the dry target was presented 
24 hours later to each chick for 10 sec- 
onds. 

The first measure of retention was the 
avoidance score, that is, the percentage 
of chicks in each group that did not peck 
during the full 10-second test trial (ac- 
cording to a X2 analysis) (Fig. 1). The sec- 
ond measure for each chick was the num- 
ber of pecks in 10 seconds (with para- 
metric analyses after square-root 
transformation to normalize distribu- 
tions) (Fig. 2). Differences between 
groups were considered significant at the 
level of P < .05 (8). We included control 
chicks trained with a dry target to ascer- 
tain whether the administration of pro- 
line or isoleucine affected the peck re- 
sponse itself, which was measured 20 to 
24 hours later; no performance differ- 
ences were detected as a function of TTI 
or of amino acid administered (9). 

Our study demonstrates that an am- 
nesia gradient is induced by proline, as 
judged by a retention test given 24 hours 
later. In the chicks injected with proline, 
amnesia is evidenced by the gradient of 
increased retention as a function of in- 
creasing TTI (Figs. 1 and 2). The inter- 
pretation of these data as a demonstra- 
tion of retrograde amnesia is supported 
further by the fact that control injections 
of isoleucine resulted in no performance 
gradient as a function of TTI. Com- 
parisons between chicks injected with 
proline and with isoleucine at the same 
TTI revealed that (i) at 2 minutes, the 
proline group showed less avoidance and 
more pecking; (ii) at 64 minutes, there 
were no differences between groups; and 
(iii) at 240 minutes, the avoidance scores 
did not differ, although the chicks treated 
with proline had an unexplainably lower 
peck rate. 

The effectiveness of proline as an am- 
nesic agent in chicks is surprising. Be- 
haviorally, the dose used caused only a 
transitory drowsiness with recovery of 
normal behavior within 15 minutes and 
with no indication of motor convulsions. 
Electrophysiologically, we did not ob- 
serve abnormal activities known to be 
associated with other treatments that 
produce amnesia (10, 11). In contrast, 
amnesic agents such as ECS, chemo- 
convulsants, anesthetics, and protein 
synthesis inhibitors ordinarily require 
doses that cause deleterious effects, 
including brain seizures, motor convul- 
sions, isoelectric electroencephalogra- 
phic (EEG) activity, unconsciousness, 
illness, and death (2). Furthermore, 
the chick is refractory to the amnesic 
effects of potent agents effective in 
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Fig. 2. Peck rates (mean of the square root of 
the number of pecks in 10 seconds) 24 hours 
after training, as a function of training-to- 
treatment interval. Memory retention is in- 
dicated by a low peck rate, corresponding to a 
high avoidance score (Fig. 1). Injection of L- 
proline (closed circles) shortly after training 
increases the peck rate; the effect decreases 
as the training-to-treatment interval increas- 
es. Control injection with L-isoleucine (open 
circles) does not produce this temporal gradi- 
ent. The standard errors of the adjusted 
means ranged from 0.114 to 0.140. 

rodents, for example, injection of pen- 
tylenetetrazol at doses up to the median 
lethal dose (12). Similarly, retention in 
the chick is resistant to electrical brain 
stimulation treatments delayed more 
than 30 seconds after training, unless 
they produce prolonged EEG spiking as- 
sociated with brain seizures (13). There- 
fore, proline is a useful neurobiological 
treatment in memory research. 

Extension of the hypothesis of short- 
term memory formation proposed by Van 
Harreveld and Fifkova (4) offers a plausi- 
ble neurobiological interpretation of the 
amnesia reported here. Their hypothesis 
postulates a central role for glutamate- 
independent of its role as a putative neu- 
rotransmitter-that is blocked by proline 
in a reversible and apparently competi- 
tive manner. Neural activity associated 
with a learning experience is proposed 
to lead to a patterned release of intra- 
cellular glutamate ion into the extra- 
cellular fluid, where it increases the per- 
meability of the dendritic and somatic 
plasma membrane to sodium. Extracellu- 
lar electrolytes diffuse into the affected 
neurons, and water enters to maintain 
the osmotic equilibrium. The resultant 
swelling of neuronal processes, including 
dendritic spines, causes a decrease in the 
longitudinal electrical resistance of the 
spines (14), thus increasing the effective- 
ness of their synaptic excitation (15). 
This hypothesis offers a specific morpho- 
logical change as the basis for the "facili- 
tated neuronal pathways" often said to 
underlie memory formation (1). The dem- 
onstration that proline acts to block the 
release of intracellular glutamate (16) 
was used to explain the loss of short- 

243 

au 

CL 



term memory (4). In essence, proline pre- 
vented the transformation of the gluta- 
mate impulse pattern associated with 
conditioning into the corresponding 
swelling of the dendritic spines, which 
otherwise would have endured about 4 
hours after conditioning. 

Our finding that proline impairs reten- 
tion after 24 hours suggests that the pat- 
terned swelling of dendritic spines which 
serves as the basis of short-term memory 
may also, upon stabilization, serve as the 
basis for long-term memory. The mecha- 
nism by which swelling of dendritic 
spines would be stabilized is not known, 
but it might involve formation of structur- 
al proteins (17). The conceptualization, 
however, that, in the model of memory 
formation described, short-term memory 
depends on a simple morphological ex- 
pansion of dendritic spines, and that 
long-term memory depends on stabiliza- 
tion of that morphological change, ap- 
pears to be plausible, parsimonious, and 
heuristic. 
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term memory (4). In essence, proline pre- 
vented the transformation of the gluta- 
mate impulse pattern associated with 
conditioning into the corresponding 
swelling of the dendritic spines, which 
otherwise would have endured about 4 
hours after conditioning. 

Our finding that proline impairs reten- 
tion after 24 hours suggests that the pat- 
terned swelling of dendritic spines which 
serves as the basis of short-term memory 
may also, upon stabilization, serve as the 
basis for long-term memory. The mecha- 
nism by which swelling of dendritic 
spines would be stabilized is not known, 
but it might involve formation of structur- 
al proteins (17). The conceptualization, 
however, that, in the model of memory 
formation described, short-term memory 
depends on a simple morphological ex- 
pansion of dendritic spines, and that 
long-term memory depends on stabiliza- 
tion of that morphological change, ap- 
pears to be plausible, parsimonious, and 
heuristic. 
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Prevention of the deleterious effects of 
a mutant gene by supplementing trace 
elements in the maternal diet has been 
demonstrated in the mutant mouse pallid 
(1) and in "screw neck" mink (2) with 
manganese. More recently, we showed 
that copper supplementation ameliorated 
the effects of the mutant gene crinkled 
(cr) on postnatal survival and on the 
thickness and pigmentation of the skin 
(3). We now report that some of the ef- 
fects of the mutant gene quaking (qk) in 
mice are likewise alleviated by copper 
supplementation and suggest that the 
gene affects copper metabolism. 
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Maternal copper deficiency has been 
known to affect the developing central 
nervous system of mammals since the 
work of Bennetts (4) on the etiology of 
enzootic ataxia in lambs. Studies in 
lambs (5), guinea pigs (6), pigs (7), and 
rats (8) show that the offspring of females 
having a copper deficiency exhibit 
ataxia, tremor, clonic seizures, myelin 
aplasia or demyelination, and reduced 
levels of brain cerebrosides and sulfa- 
tides. The mutant gene quaking in mice 
of the C57 Bl/6J strain produces in homo- 
zygotes an intermittent axial body trem- 
or that is first seen about day 10 and per- 
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Fig. 1. Polygraph re- 
cordings of tremors 
from 27-day-old quak- 
ing mice over a 10-sec- 
ond period. (A) Quak- 
ing mouse from the con- 
trol purified diet group 
(6 ppm of Cu). (B) 
Quaking mouse from 
the copper supple- 
mented diet group (250 
ppm of Cu) showing a 
reduction in tremor fre- 
quency. 
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Copper Supplementation in Quaking Mutant Mice: Reduced 

Tremors and Increased Brain Copper 

Abstract. Mice homozygous for the mutant gene quaking (qk) with a high fre- 
quency of axial tremors had a low concentration of copper in the brain. Supplemen- 
tation during pregnancy and lactation with a high level of dietary copper greatly re- 
duced the frequency of tremors and brought brain copper level to normal in the off- 
spring. It is suggested that qk affects copper metabolism. 
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