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detected, demonstrating that the peptide 
contained pGlu at its NH2-terminus. The 
analyses showed that the isolated pep- 
tide was the COOH-terminal hexapep- 
tide of AVP having an intact disuifide 
bridge. The structure of this peptide, 
which we refer to  as [pGlu4, Cyt6]Avp- 
(4-9), is 

This peptide and its des-Gly-NH2 deriva- 
tive [pGlu4, Cyt6]AVP-(4-8) were syn- 
thesized by the classical approach of 
fragment condensation. Synthetic and 
isolated [pGlu4, Cyt6]AVP-(4-9) were 
found to coelute in the reversed-phase 
HPLC system described in Fig. 1 and in 
paired-ion HPLC using heptanesulfonic 
acid as  the ion-pairing reagent (9). 

A Major Metabolite of Arginine Vasopressin in the Brain Is a 

Highly Potent Neuropeptide 

Abstract. A peptide that accumulated as  the major product during the proteolysis of 
arginine vasopressin by rat brain synaptic membranes was isolated and its structure 
was shown to  be the hexapeptide p ~ l u - ~ s n - ~ y s ~ o - ~ r g - ~ l y - ~ ~ 2 .  When  
administered intracerebroventricularly in extremely low doses, this vasopressin 
fragment and its desglycinamide derivative facilitated memory consolidation in a 
passive avoidance situation. These vasopressin metabolites, which are devoid of 
pressor activity, constitute highly potent neuropeptides with selective e f e c t s  on  
memory and related processes; they are activated via proteolytic processing of 
vasopressin by brain peptidases. 

The activity of peptides on memory 
processes was tested in a step-through 
passive avoidance situation using a sin- 
gle learning trial in male Wistar rats (10). 
The apparatus consisted of an illuminat- 
ed, elevated platform attached to a dark 
compartment. The animals, male Wistar 
rats weighing 180 to 200 g, were habituat- 
ed to the dark compartment and were The nonapeptide arginine vasopressin 

(AVP) regulates peripheral as  well as 
central functions. The regulatory role of 

olysis of AVP the peptide pGlu-Asn- 
~ y s ) - ~ r o - ~ r ~ - ~ l y - ~ ~ ~  arises as  a 
major metabolite and that this peptide 

subsequently placed on the illuminated 
platform to enter the dark. On the fol- 
lowing day three more trials were given. AVP in the central nervous system is 

evident in the influence of AVP on learn- 
ing and memory, brain development, 

and its desglycinamide derivative are 
more potent and selective in facilitating 
memory consolidation in rats than the 
parent molecule. 

The metabolism of AVP was studied 
by in vitro incubation of AVP with isolat- 

At the end of the third trial, upon enter- 
ing the dark compartment animals re- 
ceived an unescapable foot shock (0.25 
mA for 2 seconds) through the grid floor. 
Immediately after this learning trial ani- 
mals were treated with 1 ~1 of peptide in 

cardiovascular- and thermoregulation, 
development of tolerance, physical de- 
pendence on opiates and ethanol, and 
drug-seeking behavior (1). Studies on ed synaptic membranes from rat brain. 
animal behavior and clinical trials point 
to a memory-improving influence of 
AVP. In experimental animals AVP im- 

Products of proteolysis were isolated 
by reversed-phase high-pressure liquid 
chromatography (HPLC) on a ~ B o n d a -  

saline or saline alone bv intracerebro- 
ventricular injection through a stainless 
steel cannula. The cannula had been 

proves learning, increases resistance to 
extinction of active avoidance behavior, 
facilitates passive avoidance behavior, 

pak C18 column using a gradient of 
methanol and ammonium acetate (pH 
4.15) (see legend to Fig. 1,). After incuba- 

placed in the right lateral ventricle at  
least 5 days before the behavioral experi- 
ments started. The influence of sub- 

and protects against retrograde amnesia 
(2). Several reports describe that in clini- 
cal trials AVP or derived peptides im- 

tion for 6 hours a major metabolite which 
eluted at  15 minutes in the HPLC system 

stances on the storage of the aversive 
experience (memory consolidation) was 
assessed by testing the retention of the accumulated (Fig. 1). This component 

was collected from the HPLC effluent prove the performance of patients with 
certain memory disorders and increase 
cognitive responses of unimpaired sub- 
jects (3). 

Structure-activity studies using syn- 
thetic AVP fragments have shown that 

passive avoidance response 24 or  48 
hours after the learning trial. Retention 
of passive avoidance behavior was mea- 

and subjected to amino acid analysis 
after performic acid oxidation (5) and 
determination of free NH2-terminal 
groups (6). Analyses demonstrated that 

sured by the latency to reenter the dark 
compartment up to a maximum of 300 
seconds after placing the animals on the the fraction contained a single peptide. 

The amino acid composition of the iso- 
lated peptide was Cys(03H), 2.0; Asp, 
1 .O; Glu, 0.9; Arg, 1 .O; and Gly , 1.0 (7). 
The amounts of Tyr and Phe were below 
the detection limit. Pro was not detected 
by this amino acid analysis technique (5). 

the peripheral and central activities of 
AVP can be dissociated and that differ- 
ent short sequences derived from the 
AVP structure affect different aspects of 
memory (4). Based on these findings the 
existence of vasopressin fragments with 

illuminated platform 
Arginine vasopressin caused a signifi- 

cant facilitation of passive avoidance be- 
havior in doses of 100 pg and higher 
(Table 1). The activity of [pGlu4, Cyt6]- 
AVP-(4-9) was tested in a dose range of 
0.01 to 1000 pg. The peptide displayed an 
inverted U-shaped dose-response rela- 
tionship: in extremely low doses, 0.03 

more selective or potent activities has 
been presumed (4). We have approached 
the identification of such active AVP 

In the end-group analysis monodansyl- 
Cyt (dansyl-Cys-OH H-Cys-OH) was de- 
tected. After treatment of the isolated 

fragments by studying the conversion of 
AVP by proteolytic enzymes in the 
brain. We report here that during prote- 

peptide with pyroglutamate-aminopepti- 
dase (E.C. 3.4.11.8) according to proce- 
dures described in (8) dansyl-Asp was 

and 0.10 pg, the peptide facilitated pas- 
sive avoidance behavior; the lowest 
effective dose at  the 24-hour latency was 
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0.03 pg and 0.01 pg at the 48-hour laten- 
cy. At the 24-hour latency activity was 
lost when doses of 0.3 pg and higher 
were given. At the 48-hour latency the 
magnitude of the effect was less than at  
the 24-hour latency; the effective dose 
was between 0.01 and 1 pg. The des-Gly- 
NH2 derivative [pGlu4, Cyt6 IAVP-(4-8), 
however, consistently facilitated passive 
avoidance over the tested dose range of 
0.10 to 10 pg (Table 1); behavior was 
affected 24 hours as  well as  48 hours 
after administration. After administra- 
tion of 10 and 100 pg of [ p ~ l u ~ ,  Cyt6l- 
AVP-(4-9) and 44-8) 23 hours after 
training no significant effect on passive 
avoidance behavior was found. No aver- 
sive effects of the peptides were ob- 
served in experiments in which animals 
did not receive foot shock in the training 
session. The passive avoidance response 
of nonshocked rats treated intracerebro- 
ventricularly with 10 pg of [ p ~ l u ~ ,  Cyt6]- 
AVP-(4-8) was minimal and not different 
from the response of nonshocked, saline- 
treated animals (Table 1). These obser- 
vations all point to the potent, long-term 
activity of the [ p ~ l u ~ ,  Cyt6]AVP-(4-9) 
and -(4-8) peptides on memory consoli- 
dation. 

The inverted U-shaped dose-response 
relationship observed with [ p ~ l u ~ ,  Cyt6]- 
AVP-(4-9), which was not apparent for 
the (4-8) derivative in the tested dose 
range, may indicate that a secondary 
activity site is retained by the presence 
of Gly-NH2 in [pGlu4, Cyt6]AVP-(4-9). 
Indeed, the tripeptide H-Pro-Arg-Gly- 
NH2 and the related dipeptide H-Lys- 
Gly-NH2 are known to have behavioral 
activity (4). 

In order to screen for peripheral activi- 
ty of [pGlu4, Cyt61AVP-(4-9) and [pGlu4, 
Cyt6]AVP-(4-8), the peptides were test- 
ed by intravenous injection in doses of 10 

Inject ion 1 

Fig. 1. Fractionation of metab- 
olites of [Args]vasopressin 
[AVP-(1-911 by reversed- 
phase H.PLC. AVP-(1-9) (7.5 
X IO-~M) was incubated 
with a synaptic membrane 
preparaiion from rat brain tis- 
sue (13) (2.5 mg of protein per 
milliliter) in 4.0 ml of 40 mM 
sodium phosphate (pH 7.0) at 
37°C for 6 hours. The reaction 
was stopped by addition of 
acetic acid to a final concen- 
tration of 1M and subsequent 
heating of the sample in a boil- 
ing water bath. After removal 
of membranes by centrifuga- 
tion the supernatant was ly- 

Minutes ophilized and taken up in 1:0 
ml of 10 mM ammonium ace- 

tate (pH 4.15). HPLC was performed on a pBondapak C18 reversed-phase column which was 
eluted with a concave gradient of 10 mM ammonium acetate (pH 4.15) (solvent A) and 0.15 
percent acetic acid in methanol (solvent B). The gradient ran from 0 to 40 percent B in A during 
30 minutes at a flow rate of 2.0 mllmin. The gradient lag time was 6 minutes. The components 
marked with an asterisk were derived from the synaptic membrane fraction as judged from a 
parallel incubation in the absence of AVP-(1-9). The metabolite eluting at a retention time of 15 
minutes was collected, methanol was evaporated in vacuo at 70°C, and the sample was freeze- 
dried. The arrows indicate the elution position of synthetic [pGlu4, Cyt6]AVP-(4-9) and AVP- 
(1-9). 

to  500 ng in the in vivo bioassay de- The effect of these AVP fragments on 
scribed by Dekanski (11). In this test facilitating consolidation of passive 
administration of 10 ng of AVP caused a avoidance behavior, however, is fully 
significant rise in blood pressure of 26 retained; in this paradigm they are even a 
mmHg. The two peptides did not display 
any pressor activity. In addition, the 
action of AVP was not inhibited by treat- 
ment with [pGlu4, Cyt6]AVP-(4-9) o r  
[pGlu4, Cyt6]AVP-(4-8). 

Our results demonstrate that [ p ~ l u ~ ,  
cyt6]Avp-(4-9) and -(4-8) have central 
activity after intracerebroventricular ad- 
ministration but lack the vasopressor ac- 

thousand times more potent than AVP. 
Thus, the central activities of [pGlu4, 
Cyt6]AVP-(4-9) and [pGlu4, Cyt6]AVP- 
(4-8) seem to be directed toward the 
modulation of memory and related pro- 
cesses. The highly potent, selective, and 
long-term activity of the AVP metabolite 
[pGlu4, Cyt6]Avp-(4-9) and its deriva- 
tive [pGlu4, Cyt6]~VP-(4-8) may be  the 

tivity after peripheral injection. In addi- basis for development of AVP-derived 
tion, the central effects of these peptides peptides for selective treatment of mem- 
seem to be more selective than those of ory disorders. 
AVP, since, in contrast to AVP, [pGlu4, These experiments were based on the 
cyt6]Avp-(4-9) failed to  normalize en- hypothesis that AVP serves as a precur- 
dotoxin-induced hyperthermia in the rat. sor peptide in the brain (4). This concept, 

Table 1. Effect of [ ~ r g * ]  vasopressin [AVP-(1-9)], [pGlu4, Cyt6]AVP-(4-9), and [pGlu4, Cyt61AVP-(4-8) on memory consolidation as measured 
by the retention of a passive avoidance response 24 and 48 hours after intracerebroventricular administration. Values are medians in seconds. 
Statistically significant differences between peptide-treated and saline-treated animals were assessed by the Mann-Whitney U test. The numbers 
in parentheses represent the number of experimental animals. Peptides were administered immediately after the learning trial and animals were 
tested for retention of passive avoidance behavior 24 or 48 hours later as described in the text and (10). 

Retention latency (seconds) 

Dose (pg) AVP-(1-9) [pGlu4, cyt6]~VP-(4-9) [ ~ G l u ~ ,  Cyt6]AVP-(4-8) Saline 

24 hours 48 hours 24 hours 48 hours 24 hours 48 hours 24 hours 48 hours 

0.01 
0.03 
0.10 
0.30 
1 59 (5) 76 (5) 

10 90 (5) 64 (5) 
100 1061 (5) 1001 (5) 

1,000 210$ (6) 98$ (6) 
10,000 260$ (6) 167 1 (6) 

10, no shock 

*P < 0.05. 'iP < 0.01. .tP < 0.001. 
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which was originally based on structure- 
activity studies of the memory effects of 
AVP, is elaborated by the present identi- 
fication of a preferentially formed metab- 
olite with potent, selective effects on the 
consolidation of passive avoidance be- 
havior. This metabolite, [pGlu4, Cyt6]- 
AVP-(4-9) may be an active principle 
mediating central activities of AVP and it 
could be responsible for one or more of 
the effects observed after administration 
of AVP. Recently we found that the 
peptide is formed by stepwise aminopep- 
tidase cleavage of AVP (12). Its accumu- 
lation is promoted by the internal cycli- 
zation of the NH2-terminal Gln residue 
into pGlu, thus protecting the peptide 
against further aminopeptidase degrada- 
tion. Preliminary experiments suggest 
the in vivo presence of vasopressin 
metabolites in the brain. Using HPLC in 
combination with radioimmunoassay 
systems recognizing the COOH-terminal 
portion of AVP, a peptide with proper- 
ties of [pGlu4, Cyt6]AVP-(4-9) was de- 
tected amongst other fragments. The 
peptidases involved in the proteolytic 
processing of AVP into neuropeptides 
with potent and selective central activi- 
ties may play a key role in the modula- 
tion of AVP activity in the brain. 
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Which Behavior Does the Lamprey Central Motor 
Program Mediate? 

Abstract. The isolated lamprey spinal cord, when bathed in 2 millimolar D- 

glutamic acid, will generate a pattern of motor neuron discharge that has generally 
been assumed to represent the central motor program for swimming. Motion 
pictures of behaving lampreys were analyzed by a computer algorithm to estimate 
undulatory movement parameters that could be directly compared with those 
generated during D-glutamate-induced undulations. The D-glutamate-induced 
movement parameters were signiJicantly different from those observed during 
normal behaviors, including swimming, but accurately predicted the undulations 
produced by spinally transected adult lampreys. 

The lamprey occupies a strategic evo- 
lutionary position in terms of the organi- 
zation of its nervous system (I),  and 
serves as an important cellular model for 
recovery from spinal cord lesions (2) and 
for the analysis of motor pattern genera- 
tion (3). The lamprey spinal cord has 
many of the technical advantages of sim- 
ple invertebrate systems and contains 
identifiable classes of neurons (4). In 
addition, the lamprey spinal cord can 
generate a pharmacologically induced 
motor pattern, "fictive" locomotion, 
that has been assumed to represent the 
central motor program underlying swim- 
ming (5). 

The simple motor apparatus of the 
lamprey allows few behaviors other than 
those produced by lateral axial undula- 
tions. One would therefore expect that 
the differences between behaviors can be 
quantified in terms of identifiable move- 
ment parameters. To  quantify these un- 
dulatory behaviors, we developed a 
computer algorithm that can automati- 
cally analyze cinematographic images of 
freely behaving lampreys (6). This algo- 
rithm enabled us to estimate such param- 
eters of undulatory movements as  repeti- 

tion frequency, intersegmental delay, 
phase lag, and curvature and to compare 
these features with D-glutamate-induced 
programs generated in situ. Using this 
algorithm, we were able to analyze the 
common behaviors of larval and adult 
lampreys as well as  the behaviors of 
specimens recovering from lesions of the 
spinal cord (6). In addition, we analyzed 
the movements produced by specimens 
in which the spinal cord was exposed to 
a bath containing D-glutamic acid, the 
normal stimulus of fictive locomotion 
(3). We found that the dynamic organiza- 
tion of the D-glutamate-induced motor 
program does not closely resemble that 
of any normal behavior but is similar to 
the spinal undulations produced sponta- 
neously by spinally transected adult lam- 
preys (7). 

Recently transformed specimens of 
the sea lamprey Petrornyzon marinus 
were filmed from above with a super 8 
movie camera and the films were pro- 
jected frame-by-frame onto a magnetic 
digitizing tablet. The digitized images 
were then rotated to  produce the normal- 
ized projection shown in Fig. 1A. The 
arrays of points that delineate each side 
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