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VAN HARREVELD, A., A. CHERKIN AND J. L. DAVIS. Amunestic potency of proline analogs correlates with anti-
spreading depression potency. PHARMAC. BIOCHEM. BEHAV. 12(4) 533-541, 1980.—L-Proline and some of its analogs
have been shown to prevent spreading depression (SD) in the chick retina at relatively low concentrations and to impair
memory processing without provoking toxic or electrophysiological disturbances. Both effects are hypothesized to be
caused by inhibition of the effects of glutamate released into the extracellular space. L-Proline, its D-enantiomer, six
proline analogs including two homologs (L-azetidine-2-carboxylic acid and DL-pipecolic acid), and five other compounds
were examined for their effects on spreading depression and their amnestic and electrophysiological effects. .-Proline,
L-baikiain, DL-3,4-dehydroproline, and L-4-hydroxyproline all reduced the incidence of SD in the chick retina and proved
to be amnestic. D-Proline, L-pyroglutamic acid, L-azetidine-2-carboxylic acid, DL-pipecolic acid, L-glutamic acid diethyl-
ester, L-isoleucine and L-norleucine neither depressed SD nor caused retrograde amnesia. L-Prolyl-L-proline and
L-glutamine did not depress SD at low concentrations but had significant amnestic effects. None of the listed compounds

induced EEG disturbances. Implications for memory mechanisms are discussed in the light of these results.

Spreading depression Conditioning

L-Proline analogs

Retrograde amnesia

Memory trace Glutamate L-Proline

A LONG lasting facilitation of selected synapses is believed
to be involved in establishing a memory trace. Such a
facilitation could be caused presynaptically. There is evi-
dence, however, for the involvement of post-synaptic struc-
tures in the long lasting facilitation of responses of dentate
granular cells to perforant path stimulation [3, 4, 15]. It was
suggested on theoretical grounds [26] that swelling of den-
dritic spines would enhance the efficacy of synapses on
these spines. The swelling of spines and their stalks by the
uptake of water and electrolytes results in a decrease of the
longitudinal electrical resistance of these structures, facilitat-
ing the electrotonic spread of the post-synaptic depolariza-
tion caused by activation of the spinal synapses. Indeed,
stimulation of the perforant path was found to cause swelling
of dendritic spines of dentate granular cells [16,39]. There is
some evidence that conditioning causes a similar spine swel-
ling [17].

Swelling of dendritic structures by the uptake of extracel-
lular fluid occurs also during asphyxiation of central nervous
tissue and during spreading depression (SD), as suggested by
an increase in tissue impedance [31,32] and demonstrated
electron microscopically using appropriate fixation methods
[40,41]. There is evidence that this swelling is caused by a
release of glutamate into the extracellular space [36] which
increases the Na* permeability of the dendritic plasma mem-
branes, disturbing the Donnan equilibrium across the mem-
brane and resulting in the diffusion of NaCl accompanied by
water into the tissue elements involved [31, 32, 33]. The
postulated (and demonstrated, [17]) spine swelling during

conditioning can be expected, at least initially, to be caused
by a similar release of glutamate in the extracellular space.
Since this spine swelling is of long duration (at least one day;
[16,39]) glutamate may trigger other processes, probably in-
volving protein synthesis, which ensure a more enduring
enlargement of the spines [38].

Assuming that glutamate is involved in SD as well as in
the formation of a memory trace then both these processes
can be expected to be affected by the glutamate antagonist
L-proline [37]. Indeed, this has been demonstrated for SD in
the isolated chicken retina [35]. The effect of L-proline on
SD in this preparation is a biphasic one, reducing the inci-
dence of this phenomenon markedly at low (2 mM) concen-
trations, causing less reduction at higher concentrations (5
and 7 mM) and again inducing marked inhibition at still
higher concentration (10 mM and higher). This complicated
effect has been explained by the postulate that the retina can
under appropriate conditions entertain two mechanisms for
SD, one caused by a release of glutamate from the
intracellular compartment, the other by a release of K+ {34].
The inhibiting effect of L-proline at low concentration (2
mM) would be due to a competition of released glutamate
and L-proline for glutamate receptors on dendritic plasma
membranes. The binding of L-proline at 5-7 mM to the
glutamate receptors would cause a moderate release of K*
into the extracellular space, promoting K*-based SDs, and a
more marked release at higher L-proline concentrations (10
mM and more), preventing SD [35].

An amnestic effect of L-proline administered intrave-
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nously [38] or by cranial injection [9] was demonstrated in
newly hatched chicks subjected to a one-trial conditioning
procedure. Furthermore, the effects were investigated of
some proline analogs (D-proline, L-baikiain and L-aze-
tidine-2-carboxylic acid) on spreading depression in the
retina [8,35] and on the one trial avoidance conditioning pro-
cedure [7,8]. A comparison of the effects of these four amino
acids on spreading depression and on memory formation
seemed to indicate that those compounds which inhibited
spreading depression at low (2 mM) concentration (L-proline
and L-baikiain) had amnestic properties, in contrast to the
other amino acids (D-proline and L-azetidine-2-carboxylic
acid), which did not inhibit SD at this concentration and did
not cause amnesia. In the present investigation the effects of
four additional proline analogs on SD in the chicken retina
and their amnestic potency after one-trial conditioning were
investigated in order to extend the comparison between the
inhibition of SD and amnestic potency. Four other amino
acids and one dipeptide were investigated in the same way,
all thirteen compounds are listed in Table 1. The possibility
that the amnestic effect might be due to covert brain seizures
was ruled out in each case by electrophysiological studies of
each compound at doses used in the amnesia studies.

EFFECTS ON RETINAL SPREADING DEPRESSION

METHOD

The retinas of 3—4 week old White Leghorn chicks were
used. The eye was cut in the equatorial plane and the front
part of the eye and the vitreous body were removed. This left
the retina in situ in the posterior half of the eye. The eyes
were bathed in a physiological salt solution (PS) containing
150 mM NacCl, 3 mM KCI, 1 mM CaCl,, 0.5 mM MgCl,, 25
mM NaHCO,, 1 mM NaH,PO, and 15 mM glucose. To this
solution the compound to be investigated was added in suit-
able concentrations. All solutions were kept at 32°C. Spread-
ing depression was observed under a binocular microscope.
When not developing spontaneously it was elicited by pinch-
ing the edge of the retina with fine forceps. This is a highly
effective stimulus, initiating both glutamate- and K*-based
SD under adequate conditions [34]. Spreading depression
develops under the conditions of the experiment as a sharp
black line (increased transparency of the retina revealing the
underlying black choroidea) which spreads concentrically
from the stimulated area at a rate of 1.5 to 2.5 mm/min.
Inside the dark line is a lighter zone, and inside this light
band the transparency is again greater, showing the dark
choroidea. At the center of the latter area the retina re-
covers, regaining its pre-spreading depression appearance
[24,34).

The half eyes were kept for 6-7 min in the physiological
salt solution (PS) at 32°C to allow the retinas to recover from
SD initiated during the preparation of the eye. The retinas
were then transferred to PS containing the compound at the
concentration to be investigated and placed under the bin-
ocular microscope. The retina was checked for SD at delays
of 1, 2.5 and 4 min after transfer to the test solution. This had
to be done under minimal illumination since some of the
compounds investigated (e.g. L-proline, [35]) tend to make
the retina respond with SD to strong light stimuli. Retinas
which showed no SD after 4 min were stimulated after 5 min
and 15-20 sec later examined under stronger light to ascer-
tain the presence of SD. A period of 5-min exposure to the
solution was chosen because investigations on the rabbit
retina {1] suggested that the concentrations in the bathing

VAN HARREVELD, CHERKIN AND DAVIS

solution and in the retinal extracellular space of molecules of
the size of the compounds tested in the present investigation
are almost completely equilibrated within that time.

Retinas which showed SD 2.5 or 4 min after transfer were
kept in the test solution. The SD observed at these times may
continue during the remainder of the test period and thus not
be arrested by the test compound, or they may die out before
reaching the edge of the retina showing that the compound in
the same concentration used, inhibits SD.

Some retinas showed SD in progress when tested after |
min. Such SDs could have been elicited by mechanical
stimulation during the transfer of the retina from the PS to
the test solution. Also some of the compounds investigated
tend to initiate SD (e.g. L-glutamine). Retinas showing SD 1
min after transfer to the test solution were returned to the
PS. After 5 min they were then again transferred to the test
solution and checked for SD after 1, 2.5 and 4 min. Since the
refractory period of SD is 7-8 min such retinas usually do not
show SD after 1 min. They were checked after 2.5 and 4 min
and when not showing SD after these periods, stimulated
after 5 min as described above.

At least 8 retinas were used to determine the effect of
each concentration of the compound under investigation.

RESULTS
L- and D-Proline

Figure 1 shows the effect of L-proline in concentrations of
1 to 10 mM on SD in the chicken retina. As described previ-
ously [35], this amino acid in low concentrations (2 and 2.5
mM) decreased the incidence of SD markedly (down to
20%). Higher concentrations (5 and 7 mM) had a smaller
effect (the incidence rose to 80% at 5 mM). At still higher
concentrations the inhibiting effect of L-proline became
more pronounced again. As reported previously, the rela-
tively high incidence of SD at 5 mM L-proline can be re-
duced markedly by decreasing the K* concentration of the
bathing solution from 3 to 1 mM. This observation supports
the concept that SD in 5 mM L-proline is K*-based [35]. In
all the experiments reported in the present paper a PS con-
taining 3 mM KCI was used.

The effect of L-proline is stereospecific. D-Proline has no
effect (Fig. 3), confirming previous observations in which
this D-amino acid was applied in concentrations up to 20 mM
[8]. The absence of SD in one retina of 8 tested, when stimu-
lated after being subjected to 10 mM D-proline, is not to be
considered as an inhibiting effect of this amino acid. Occa-
sionally a single retina does not show SD after stimulation
under the conditions of the present experiments. The most
likely explanation is that the retina was refractory after an
unnoticed SD during the 5-min test period.

Since some of the compounds tested were available only
in the racemic form, it was of interest to examine the effect
of equimolar mixtures of L- and D-proline. The effects of
such solutions in a number of concentrations were compared
with the effect of L-proline alone in the same concentrations.
The effects of the latter enantiomer and of the racemic mix-
ture were quantitatively the same, justifying the investiga-
tion of DL-compounds in twice the concentration as that of
the L-form.

DL-3,4-Dehydroproline

This compound, which has a double bond in the 3,4 posi-
tion of the five-membered proline ring, was investigated in
concentrations between 1 and 20 mM on the assumption that
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FIG. 1. The percentage of retinas showing SD after having been
subjected to L-proline and L-pyroglutamic acid in various concen-
trations for 5 min is plotted against the concentrations of the com-
pound on a logarithmic scale.

only the L-component is active. Figure 2 shows a biphasic
effect on the retinal SD similar to that observed with
L-proline. Pronounced reduction of SD (down to 13%) was
found at 5 mM, twice the concentration at which retinas
treated with L-proline showed a similar effect (Fig. 1). The
maximum increase of the incidence of SD at higher concen-
trations (up to 50%) occurred at 7 mM, which corresponds to
a similar maximum with L-proline at 5 mM. Spreading de-
pression was completely suppressed at 14 and 20 mM. Al-
though the effect of DL-3,4-dehydroproline resembles that of
L-proline at half the concentration, this compound has a
more potent inhibiting effect at concentrations of 14 and 20
mM than does L-proline at 7 and 10 mM.

L-4-Hydroxyproline

Figure 3 shows the effect of this compound on SD. A
sirilar relationship was found for L.-4-hydroxyproline as for
L-proline. However, the inhibiting effect at low concentra-
tion is not very pronounced and is maximal at 5 mM (inci-
dence of SD down to 63%). Because occasional shipments of
chicks react atypically to L-proline [35] this experiment was
carried out on two shipments with the same result (N for
each point is 16).

L-Pyroglutamic Acid (L-5-Oxoproline)

In contrast to the compounds mentioned above,
L-pyroglutamic acid had no effect on SD (Fig. 1).

L-Baikiain

Whereas the compounds examined above are charac-
terized by a five-membered ring, L-baikiain has a six-
membered ring with a double-bond in the 4-5 position. Fig-
ure 4 shows, as reported previously [35], that this compound
has a pronounced effect on SD which resembles that of
L-proline. A marked reduction of the incidence of SD (down
to 13%) was produced by 3.5 mM L-baikiain. At higher con-
centrations (7 mM) the incidence of SD increased again to
83%. The inhibiting effect at a concentration of 10 mM was
not marked.

DL-Pipecolic Acid

In contrast to L-baikiain this compound, which has also a
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FIG. 2. The percentage of retinas showing SD after exposure to
DL-3,4-dehydroproline and L-isoleucine in various concentrations.
The L-enantiomer of 3,4-dehydroproline is present in one-half the
concentrations plotted.
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FIG. 3. The percentage of retinas showing SD after exposure to
L-4-hydroxyproline and D-proline in various concentrations.

six-membered ring, but lacks the double bond, had no effect
on SD (Fig. 4) when applied in double the concentration
(racemic mixture) used with L-baikiain.

L-Azetidine-2-Carboxylic Acid

This lower homolog of proline has a four-membered ring
structure. Its effect was investigated previously in a PS con-
taining 1 mM KCl [35]. A repetition of this examination with
a PS containing 3 mM KCl yielded similar results (Fig. 5). Up
to a concentration of 2 mM there is no effect, at higher con-
centrations the incidence of SD becomes increasingly
smaller. There is no increased incidence of SD at 5-7 mM of
the compound.

L-Isoleucine and L-Norleucine

L-Isoleucine has been used as a ‘‘control”” amino acid
without effect in memory experiments [9,38]. As shown in
Fig. 2, it had no effect on SD in the retina up to the maximum
concentration (10 mM) examined. L-Norleucine (up to 10
mM) was also without effect.

L-Glutamic Acid Diethylester

This compound is generally considered to be a glutamate
antagonist (11, 19, 20, 22, 23, 27, 28, 29, 42]. Glutamic acid
diethylester failed to inhibit the glutamate effect on the toad
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FIG.. 4. The percentage of retinas showing SD after exposure to
L-baikiain and DL-pipecolic acid in various concentrations.

spinal cord, however [2]. In the present experiments this
compound in concentrations up to 10 mM did not inhibit SD
in the chicken retina, as noted previously [37]. However, at
higher concentrations an inhibiting effect developed, and at
40 mM this compound suppressed SD in all § retinas exam-
ined.

Since glutamic acid diethylester tends to hydrolyze, yield-
ing glutamic acid which might affect the inhibiting effect of
the ester, the glutamate content of the ester sample was de-
termined by chromatography. The content was found to be
smaller than 0.01%. However, after hydrolysis for 2 hr at
32°C in a 10 mM solution, a glutamate content of 0.1% was
found, corresponding to 0.01 mM glutamate in the 10 mM
solution of the ester. Since this is less than 1/10 of the
threshold concentration causing transparency changes in the
retina [36] it seems unlikely that this would have interfered
with the action of the ester.

L-Glutamine

Topically applied glutamine initiates SD in rabbit and rat
cortex [5,30]. Also in the chicken retina a tendency to pro-
mote SD was noticed. As shown in Fig. 5, after exposure to
glutamine concentrations of 10 (and even 20) mM for 5 min
SD was not inhibited.

L-Prolvi-L-Proline
This compound had no effect on SD up to 10 mM.

DISCUSSION

In order for a compound to affect the ion permeability of a
membrane, a specific membrane configuration—the recep-
tor—due to its steric and other properties has to accommo-
date the compound which becomes bound to the receptor.
Specific groups or configurations of the compound may then
cause a change in permeability. It was postulated that both
L-glutamate and L-proline can be accommodated by the
glutamate receptor. From differences in the inhibiting effect
of MgCl, on L-glutamate-based and on L-proline-induced
SDs it was concluded that the affinity of the glutamate recep-
tor for L-glutamate was about 3 times as great as that for
L-proline [35]. Furthermore, it was suggested that both
L-glutamate and L-proline increase the Na* permeability of
the receptor, but that the effect of L-glutamate is consid-
erably greater than that of L-proline. Given a favorable ratio
of the concentration of L-proline in the bathing solution and
of L-glutamate released during SD, the competition of these
compounds for glutamate receptors may result in such a re-
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FIG. 5. The percentage of retinas showing SD after exposure to
L-azetidine-2-COOH and L-glutamine at various concentrations.

duction of glutamate-receptor complexes that the change in
membrane permeability becomes insufficient for the
propagation of SD. This mechanism would account for the
inhibition of SD at a concentration of 2 mM L-proline in the
bathing solution [35].

As the proline concentration is increased, more and more
glutamate receptors bind with this compound, resulting in a
gradually increasing enhancement of the Na* permeability of
the membrane. Ultimately, the sodium pump will become
unable to counteract the resulting influx of Na* ions. Sodium
ions will enter partly with chloride ions and water (for os-
motic reasons) resulting in swelling of the tissue elements in-
volved, and sodium ions will partly replace intracellular
potassium ions which move into the extracellular compart-
ment [31, 32, 33]. The enhanced K* concentration in the
extracellular space can be expected to promote K*-based
SD, accounting for the enhanced incidence of SD at 5 to 7
mM L-proline [34].

At still higher concentrations of L-proline the extracellu-
lar K* concentration may become so high that no visible SD,
depending on the uptake of K*by the Miiller fibers [25,35],
occurs. Furthermore, the accumulation of NaCl in the cellu-
lar elements leads to swelling and opaqueness of the retina,
indicative of tissue damage as is seen after exposure to ex-
citatory amino acids [35].

Of the proline analogs tested, some (D-proline,
L-pyroglutamate, DL-pipecolic acid) had no effect on SD. It
has to be assumed that their configuration makes it impossi-
ble for them to be accommodated by the glutamate receptor.

Of the proline analogs which affect SD, the inhibition of
SD at low concentrations varied considerably. DL-3,4-
Dehydroproline and L-baikiain depressed SD as much as
L-proline at low concentrations. It has to be assumed that
the affinity of the glutamate receptor for these compounds is
at least as great as that for L-proline. L-4-Hydroxyproline
shows only a small depression at 3-5 mM, suggesting that the
affinity of the glutamate receptor for this compound is low. A
small increase of the incidence of SD at 7 mM may be due to
K*-based SDs promoted by released potassium. At high
concentrations L-4-hydroxyproline suppresses SD as mark-
edly as does L-proline.

L-Azetidine-2-carboxylic acid also does not markedly
inhibit SD at low concentrations (2-3 mM) and thus can be
expected to have a low affinity for the glutamate receptors. It
fails to increase the incidence at 5-7 mM concentrations of
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this compound. The observation of opaqueness of retinas
bathed in 10-20 mM L-azetidine-2-carboxylic acid [8] com-
parable with that caused by L-proline [37] suggests that this
compound increases the membrane permeability for Na*,
which may cause the reduction of SD at high concentration.

A study of space-filling molecular models of the proline
analogs did not suggest an explanation of the striking differ-
ences found in their effect on SD in the retina.

None of the other amino acids investigated had an effect
on SD. The occasional failure to respond with SD to stimu-
lation after 5-min exposure to the compound may, as men-
tioned above, be due to refractoriness at that time after an
unnoticed SD. This can be expected especially with com-
pounds which tend to promote SD, such as glutamine, be-
cause the transparency changes of SD developing before the
refractory period (7-8 min) has fully passed is not easy to
detect, especially since the possibility of the retina to re-
spond with SD to strong illumination necessitated the use of
dim light during checking for SD.

EFFECTS ON MEMORY RETENTION

METHOD

Neonatal White Leghorn cockerels (strain DeKalb XL,
Pace/Setter Products, Alta Loma, CA) were housed individ-
ually in disposable white cartons, 8.5 cm in diameter, 18.5
cm tall. The temperature in the cartons was 33.5+1.0°C, the
ambient relative humidity was 43+3%, the light level was
115+55 lux, and the masking white noise level was 76 dB
(0.0002 dynes/cm?). At the time of training the chicks were
44+12 hr old and had been acclimated to their individual
cartons for 2 hr. They remained in the cartons and were not
fed or watered throughout the experiments.

The trial was one-trial avoidance conditioning, utilizing
suppression of the chick’s spontaneous tendency to peck at
small bright objects. The training target was a 3-mm stainless
steel bead made aversive by dipping it into liquid methyl
anthranilate just prior to each training presentation. During
the experiments, the bead was passed through a 3-cm central
aperture of the transparent plastic cover of the carton and
hand-held approximately 1 cm in front of the chick’s beak. A
timer was started when the chick oriented to the bead, typi-
cally within 0.5 sec. Ten sec later, the bead was withdrawn.
The latency of the first peck and the total number of pecks in
the 10-sec period were recorded.

Intracranial injections were given 1 min after the start of
the 10-sec training period. Each chick was removed from its
carton and restrained in a headholder pre-calibrated to guide
the 27 ga needle of a Hamilton microliter injection syringe
into each forebrain hemisphere. A detailed description of the
headholder and demonstration of its use in placement of so-
lutions into the lateral ventricles has been reported [14].
Each chick received 10 ul/hemisphere of amino acid solu-
tion. In all cases the isotonic 300 mM solutions were buffered
(if necessary) to pH 7.220.2 with NaHCO; crystals. All
amino acids were purchased in the purest available grade
from Sigma Chemical except for the following: DL-3,4-
dehydroproline, L-baikiain, L-isoleucine, L-norleucine,
L-glutamine (Calbiochem) and L-prolyl-L-proline (Bachem).

Retention of the avoidance response was tested 24 hr later
using the uncoated dry bead. Reduced avoidance scores
(percentage of chicks that do not peck during the 10-sec
retention test) and increased peck scores (mean square root
of pecks emitted in 10 sec) indicate impaired memory reten-
tion. We have found avoidance scores to be less sensitive

than peck scores although the two scores are highly corre-
lated [6]. Both scores are presented, to permit comparison
with publications from other laboratories using the
avoidance score. Illness reduces peck rate and increases
avoidance scores. Therefore, when a compound causes ill-
ness, we get an underestimate of the amnestic effect, be-
cause the latter increases peck rate and reduces avoidance.

Experimenters neither knew which amino acid they were
injecting after conditioning, nor during the final test which
amino acid the chicks had received 24 hr earlier.

RESULTS
L-Proline and D-Proline

Several publications [8, 9, 18, 38] have described the am-
nestic nature of L-proline in chicks. At a dose of 6.0 umols
per chick (Table 1) data from many experiments lead us to
conclude that L-proline produces retrograde amnesia in the
paradigm used. The 6-umol dose produced a maximal am-
nestic effect; increased doses lead to increased mortality,
especially with D-proline [10]. Retention scores of chicks
injected with D-proline did not differ significantly from those
of uninjected controls or controls injected with L-isoleucine
(Table 1). A comparison (t-test) between the proline
stereoisomers shows them to differ significantly (p <0.0001).

DL-3,4-Dehydroproline

This amino acid produced retrograde amnesia similar to
that caused by L-proline but at a smaller dose of 3.0 umols
[12].

L-4-Hydroxyproline

Table 1 shows L-4-hydroxyproline to be weaker than
L-proline in amnestic potency. A comparison with
D-proline, run as a concurrent control, shows that chicks
injected with L-4-hydroxyproline produced significantly
more peck responses on the test day (p<0.04).

L-Pyroglutamic Acid (L-5-Oxoproline)

This amino acid produced no amnesia, as compared with
D-proline controls (p>>0.2).
L-Baikiain

L-Baikiain caused retrograde amnesia similar to that
produced by L-proline, but at the smaller dose of 1.5 wmols.
DL-Pipecolic Acid

This racemic amino acid, a higher homolog of proline,
proved to be without amnestic properties when compared
with D-proline (p>0.4) even at twice the dose. In fact, early
data gave indication of slight memory enhancement but this
could not be duplicated.

L-Azetidine-2-Carboxylic Acid

Previous work [8] indicated this lower homolog of proline
to be non-amnestic when compared with D-proline controls.
L-Isoleucine and L-Norleucine

L-Isoleucine exhibited no amnestic activity when com-
pared with D-proline and has been used as a non-amnestic
control in memory experiments [38]. L-Norleucine also
yielded no amnestic effect but its lower water solubility pre-
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TABLE 1

RETENTION SCORES IN CHICKS 24 HR AFTER ONE-TRIAL AVOIDANCE TRAINING AND
INTRACEREBRAL INJECTION OF SOLUTIONS OF L-PROLINE AND RELATED COMPOUNDS (10 ul PER
BRAIN HEMISPHERE)

Inhibition
Dose Peck score Avoidance of spreading
Compound (umoles/chick) N \/P: Std. dev. (%) depression*
1. L-Baikiain 1.5t 59 1.51% 1.23 30.58 +
2. DL-3,4-Dehydroproline 3.0t 49 248§ 1.35 12.2§ +
3. L-Proline 6.0 304 1.59§ 1.49 34.58 +
4. L-4-Hydroxyproline 6.0 48  1.20% 1.48 52.1 (+)
5. L-Pyroglutamic acid 6.0 50 0.9 1.41 64.0 -
6. L-Azetidine-2-carboxylic acid 12.0 29  0.96 1.42 52.0 -
7. DL-Pipecolic acid 12.0 29  0.62 0.94 62.1 -
8. D-Proline 6.0 296  0.77 1.19 56.1 -
9. L-Prolyl-L-proline 6.0 82  2.09% 1.48 23.28 -
10. L-Glutamine 6.0 89  1.26§ 1.38 42.7% -
11. L-Glutamic acid diethylester 6.0 30 0.76 1.30 56.7 -
12. L-Isoleucine 6.0 134 0.71 1.07 60.5 —
13. L-Norleucine 1.6 20 0.70 0.98 60.0 -
14. No injection 0 50  0.72 1.09 60.0

*Inhibition of SD at low concentration is indicated by +.

tHigher doses (6.0 umols) show high lethality.

ip<0.05; §p<0.001 (s-test for peck score; x* test for avoidance). All comparisons are with pooled

D-proline controls.

vented injection in concentrations greater than 80 mM, limit-
ing the dose to 1.6 umols per chick.

L-Glutamic Acid Diethylester

This compound at a dose of 6 umols did not produce
amnesia when compared with a concurrent D-proline control
(p>0.9).

L-Glutamine

As observed previously [38], L-glutamine produced am-
nesia compared with D-proline run as a concurrent control
(p<0.0001) and when compared with pooled D-proline
(N=296) data (p<0.0008).

D-Glutamine

The D-isomer was strongly amnestic when compared with
the D-proline data (p<0.0001) but caused severe seizure
spiking.

L-Prolyl-L-Proline

This dipeptide proved to be the second most potent am-
nestic compound in this study; comparison with a concurrent
L-proline group showed a significant increase in peck re-
sponses (p<<0.0001). It appears unlikely that the amnestic
effect was due to hydrolysis of the peptide since 12 umols of
L-proline was not significantly more amnestic than 6 wmols
[71. Note that L-prolyl-L-proline did not inhibit SD in chick
retina. We are now investigating this compound’s mech-
anism of action.

DISCUSSION

Increased pecking activity could result from processes
unrelated to amnesia. Three lines of evidence indicate that
the injection of L-proline does not increase the rate of peck-
ing per se. If L-proline were to increase the peck rate via a
mechanism unrelated to its amnestic properties, the
training-to-injection intervals should have no effect when the
chicks are tested at 24 hrs. We found, however, that injec-
tion of L-proline 1 min after training does increase the peck
rate, whereas the rate decreases as the interval increases to
63 or 239 min [9]. Also, L-proline did not increase the peck
rate of untrained chicks presented with the target 24 hr after
injection. Finally, the procedure described in this paper in-
volved the presentation of a novel stimulus 1 min after re-
tention testing. This ‘‘discrimination’ control indicates that
the increased peck rates to the training target were not con-
comitant with increased peck rates to a novel target, in ex-
periments where proline analogs showed amnestic activity.

The mean square root of pecks after injection of L-proline
and its three analogs with amnestic properties differed sig-
nificantly from that after administration of D-proline (Table
1). However, L-proline (6 wmols) and L-baikiain (1.5 umols)
and the racemic compound DL.-3,4-dehydroproline (3 umols)
were clearly more efficient in increasing the peck score
than was L-4-hydroxyproline (6 umols). Also, the avoid-
ance scores for L-proline, L-baikiain, and DL-3,4-de-
hydroproline, but not that for L-4-hydroxyproline were
significantly different from that for D-proline. The analogs
with strong amnestic properties resemble L-proline in their
ability to reduce the incidence of SD at low concentrations
(Table 1; Figs. 1, 2, 4). The lower amnestic property of L-
4-hydroxyproline may be compared with the lower SD de-
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pressing potency of this compound in low concentrations
(Fig. 3).

Of the nine remaining compounds, seven had no signifi-
cant amnestic effects nor did they inhibit SD at low concen-
trations (Table 1). Finally, two compounds did not inhibit SD
at low concentrations but had significant amnestic effects
without producing EEG abnormalities. The most potent was
L-prolyl-L-proline, the other was L-glutamine. Since these
two compounds do not inhibit SD at low concentrations, it is
suggested that they interfere with memory by a mechanism
which is different from the one postulated for the proline
analogs.

ELECTROPHYSIOLOGY

METHOD

Electrodes were implanted in chicks chosen randomly
from the shipments described in the previous section. Each
chick had active bilateral recording electrodes stereotaxi-
cally positioned in right and left ectostriata, under the comb
(indifferent), and in dorsal neck muscle (ground). Under
halothane anesthesia, the electrode assembly, with miniature
amphenol recording connections, was embedded and fixed
to the skull with Grip dental acrylic. Active recording elec-
trodes were insulated to 0.5 mm of the tip. Recording was
begun approximately 24 hr after surgery, always between
1300-1600 hr. Electrode locations were histologically ver-
ified.

Electrophysiological screening and amplifier adjustments
to be used in the experiment were determined during the
adaptation period. During this period recording leads were
fastened and each chick was placed in a 8.5-cm dia. x21.0-cm
deep carton. The electrical activity was recorded on 6 chan-
nels of a Grass Model 7B polygraph and a Consolidated Elec-
trodynamics VR 330 FM tape recorder. Two of the poly-
graph channels were used to monitor monopolar-EEG activ-
ity from each ectostriatum referenced to the comb, and a
third channel recorded bipolar activity between hemi-
spheres. Three EEG amplifiers were set at a band pass of 1
to 75 Hz (-3 dB points). The fourth channel recorded the
same bipolar activity at a band pass of 10-75 Hz. For the last
recording channel, multiple unit activity (MUA) recorded
bipolarly from the ectostriatum was led from an input probe
to a Grass Model P511 H preamplifier (—3 dB band pass
points at 300 Hz to 3KHz); this activity was subsequently
selected by high-pass filtering (—3 dB at 500 Hz: —2 dB at 100
Hz) with a David Kopf Model SFA 12 spike filter, and then
was integrated with a David Kopf Model C10 DC converter.
MUA was integrated above the threshold of system noise (10
1V) to a peak count of 1 K/sec. The integrated EEG and
MUA were smoothed with low-pass filtering at 3 and 0.5 Hz,
respectively.

Upon completion of a 15-min adaptation period, each
chick was removed from the recording carton and manually
restrained in a head holder precalibrated to guide the 27 ga
needle of a Hamilton microliter injection syringe into the
posterior corpus striata. A total of 10 ul/hemisphere of the
amino acid was quickly injected through a hole in the acrylic
recording assembly posterior to the ectostriatal electrodes.
Within 5 sec after the injections, a 10-min postinjection re-
cording period commenced.

RESULTS
None of the compounds listed in Table 1 induced EEG

seizures or isoelectricity. In contrast, EEG analysis showed
that 5 of 9 chicks injected intracranially with 6.0 umols of
D-glutamine (3.0 wmols/hemisphere) emitted a mean of 641
spikes recorded from both bilateral ectostriatal electrodes
within 10 min after injection. The criteria for counting sei-
zure spikes were that a spike be =400 nV peak to peak on a
1-75 Hz bipolar channel, noncoincident in left and right
monopolar channels, and have a rate of occurrence of
greater than 1 per 4 sec in a seizure epoch. This frequency of
spike production is in the amnestic range described by Herz,
Spooner, and Cherkin [21] for a potent chemoconvulsant
amnestic agent, flurothyl (Indoklon®; hexafluoro-diethyl-
ether). The D-isomer of glutamine was strongly amnestic
when compared with the D-proline data (p<0.0001). How-
ever, presence of high-amplitude EEG spikes indicated that
the amnesia was produced by a modification in CNS activity
unrelated to glutamate release.

DISCUSSION

In the chick model, severe brain seizures induced by
agents such as flurothyl [21], pentylenetetrazol and CO, (un-
published) do not cause amnesia unless they also produce a
large number of seizure spikes. Such severe seizures spread
through the striatum [21]. Therefore, electrodes placed on
the ectostriatum for reasons of both convenience and
avoidance of damage to striatal tissue provide an adequate
control against the possibility of amnesia induced by elec-
trophysiological disturbances.

Neither seizure spiking nor isoelectricity was observed in
ectostriata after injection of any compound in Table 1. Note
that the ability of this system to detect brain seizure activity
was confirmed by recordings made after D-glutamine injec-
tion. Electrophysiological recording of multiple-unit activity
and integrated EEG activity showed that D-glutamine was
the only compound of those examined to produce ecto-
striatal seizures. We conclude, therefore, that the amnesia
produced by the compounds listed in Table 1 are not the
result of a seizure-related mechanism.

GENERAL DISCUSSION

The formation of a memory trace was postulated to be
due to a glutamate mediated swelling of dendritic spines,
resulting in facilitation of synapses in specific neuronal
pathways in the brain. Such a mechanism can be expected to
be counteracted by an appropriate glutamate antagonist such
as L-proline, as was indeed observed. Memory will in this
view also be counteracted by SD which, although causing
spine swelling, does this in a general way, interfering with
the exclusive facilitation of the specific pathways necessary
for the formation of a memory trace. Spreading depression
then could be considered an uncontrolled, general manifes-
tation of a mechanism which in its normal, circumscribed
form is instrumental in memory formation.

The postulated glutamate action on dendritic structures,
which in SD causes the dendritic depolarization necessary
for the propagation of this phenomenon, and in conditioning
the spine swelling resulting in the synaptic facilitation of
specific pathways, suggests that the effects of L-proline and
its analogs on these activities should be correlated. Indeed a
close correspondence was found between the amnestic po-
tency of 7 proline analogs and their ability to inhibit SD at
low concentration which is a measure for the competition of
L-glutamate and the proline analog for glutamate receptors.
Analogs which did not affect SD had no amnestic effect.



540

L-4-Hydroxyproline which reduced the incidence of SD only
slightly at low concentrations, was the least potent of the
amnestic L-proline analogs.

Interesting is the effect of L-azetidine-2-COOH, which
does not have a biphasic effect on the retina but causes a
decline in the incidence of SD, starting at a concentration of
3 mM (Fig. 5). This homolog of L-proline has no amnestic
effect. It was suggested that L-azetidine-2-COOH has a low
affinity for the glutamate receptors, apparently hardly affect-
ing their binding with L-glutamate. However, when bound to
the receptor it seems to be able to cause an increase of Na*
permeability. From the lack of an amnestic effect of
L-azetidine-2-COOH it can be concluded that the amnestic
property of L-proline and some of its analogs is not due to
their effect on the ion permeability of plasma membranes but
on the competition of glutamate and the amnestic compound
for glutamate receptors.

Of the other compounds investigated, L-isoleucine,
L-norleucine and L-glutamic acid diethylester had neither an
amnestic effect nor affected retinal SD. L-Glutamine was
found to lack an inhibiting effect on SD, yet it proved to be
amnestic. Discrepancies of this kind are to be expected,
since a compound which is not a glutamate antagonist may
have an effect on some other process in the chain of events
involved in the laying down of a memory trace. In the case of
L-glutamine the tendency of this compound to elicit SD,
which has a well established amnestic effect, may be re-
sponsible for the effect on memory. The amnestic effect of
D-glutamine is probably related to the EEG changes (spike
activity) observed. For the similar discrepancy between the
effects of L-prolyl-L-proline on SD and on memory no obvi-
ous explanation presents itself.

Gibbs et al. [18] proposed an alternate mechanism for the
amnestic effect of L-proline. They ascribed this effect to an
excessively high level of a single amino acid (L-proline) in
the brain which would impair protein synthesis necessary for
long-term memory. It seems possible that L-proline has a
specific effect on protein synthesis, for instance by compet-
ing with other amino acids for carrier mechanisms, a prop-
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erty not shared by five other amino acids (L-azetidine-2-
COOH, L-isoleucine, L-norleucine, L-pyroglutamate and
DL-pipecolic acid) which injected in similar amounts did not
affect conditioning. Such an interpretation would require a
high level of specificity of the protein synthesis involved in
memory formation. The azetidine-2-COOH results are par-
ticularly relevant because this lower homolog resembles
L-proline so closely as to be incorporated into protein in
place of L-proline in chick embryos and human fibroblasts,
yet it does not impair memory [8].

Also the explicit dependence of the amnestic effect and
the low concentration SD inhibiting effect on the molecular
structure of L-proline and its analogs does not agree well
with the mechanism proposed by Gibbs et al. [18]. The cor-
respondence of the action on these two processes strongly
suggests that the target of L-proline and its amnestic analogs
is the same in SD as in conditioning. This is supported by the
similarity of the L-proline concentration in the brain of
chicks injected intraperitoneally with an amnestic dose of
L-proline, and the L-proline concentration causing the low
concentration reduction of the incidence of SD in the retina.
From an overall concentration of free L-proline in the chick
brain of 0.75 mM, after an injection of an amnestic dose, an
extracellular concentration of about 3 mM was estimated
[38] which is similar to the concentration, 2.0-2.5 mM, in-
hibiting SD in the retina. Since it seems highly unlikely that
protein synthesis is involved in the effects of L-proline on
the retina, the above reasoning strongly suggests that also
the amnestic effect is not due primarily to an impairment of
protein synthesis during conditioning, but to the antagonistic
action of L-proline on the effects of L-glutamate on dendritic
plasma membranes.
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