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GAFFORI, O. J. W. AND D. De WIED. Time-related memory effects of vasopressin analogues in rats. PHARMACOL
BIOCHEM BEHAYV 25(6) 1125-1129, 1986.—The present study was designed to investigate critical time periods for the
memory modulating effect of vasopressin and several analogues in rats using a passive avoidance test as the behavioral
paradigm. AVP, AVP-(4-8) and AVP-(5-8) were more effective when given immediately after the learning trial (consolida-
tion), while AVP-(1-8) (DGAVP) and AVP-(5-9) were more active when administered one hour prior to the retention test
(retrieval). DDAVP and AVP-(4-9) were highly active both when given immediately after the learning trial or 1 hour before
the retention test. The period between 12 and 18 hr after the learning trial appeared to be another sensitive period.
Administration, in particular of DGAVP, and AVP-(5-9) at 12, 15, and 18 hr after the learning trial induced marked
retention of the avoidance response at the 24 hr retention test. Injection at 6 and 21 hr after the learning trial was the least
effective in facilitating passive avoidance latencies. The more stable analogue DDAVP facilitated avoidance latencies
irrespective of the time of administration. Vasopressin and related peptides exert a long term effect on avoidance behavior.
However, DGAVP and AVP-(5-9) facilitated passive avoidance behavior at the 24, 48, and 72 hr retention test if adminis-
tered immediately after the learning trial. If injection was postponed till 15 hr after the learning trial, passive avoidance
behavior was facilitated at the 24 hr retention test only. Thus, whereas post-trial injection affects consolidation processes,
the treatment between 12 and 18 hour after the learning trial may involve other mechanisms concerned with circadian
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metabolism, distribution, brain sensitivity to neuropeptides and behavioral performance.
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Consolidation Retrieval Sensitive periods

THE neurohypophyseal hormone vasopressin and related
peptides increase resistance to extinction of active
avoidance behavior, facilitate retention of passive avoidance
behavior and reverse or prevent experimentally induced ret-
rograde amnesia [11]. These effects are of a long term nature
and have been interpreted as an effect on memory processes.

Studies involving vasopressin have utilized a number of
different vasopressin analogues as [Lys®]vasopressin (LVP),
[Argf]lvasopressin  (AVP), their desglycinamide analogs
(DGAVP and DGLVP) and smaller fragments of the
neurohypophyseal hormones [22]. Another AVP analog,
[desamino-D-Arg®lvasopressin (DDAVP), which is a potent
antidiuretic with minimal vascular action [20] has become
clinically popular because of its route of administration
(intranasally) and its longer half-life which prolongs its
antidiuretic effects. DDAVP has been found to be as effec-
tive as other vasopressin analogs in reversing the effects of
puromycin-induced amnesia in mice [32] but less active than
AVP in the maintenance of a conditioned avoidance re-
sponse [33]. Burbach et al. [5,6] have shown that vasopres-
sin can be converted to fragments by rat brain synaptic
membranes which are behaviorally markedly more active
that the parent molecule but inactive on blood pressure and
diuresis. The peptides [pGlu?,Cyt!]AVP-(4-9) and [pGlu?,
Cyt$]JAVP-(4-8) were found to enhance passive avoidance
latency in much lower doses as compared with the parent
molecule AVP [5,12].
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There exists a critical time period for the behavioral effect
of vasopressin to occur. Administration immediately after
the behavioral session produces the maximal behavioral ef-
fect. If injection is given at 3 hr before or after the session the
effectiveness of the treatment is markedly decreased while
administration at a time interval of 6 hr before or after the
session is ineffective [2, 3, 10]. The present study was de-
signed to investigate the memory modulating effects of some
of these vasopressin analogues and to analyse the critical
time period of their effect using a passive avoidance test as
the behavioral paradigm.

METHOD

Animals

Male Wistar rats of an inbred strain (CPB-TNO, Zeist,
The Netherlands) weighing 160-180 g, were used. The
animals were housed 5 per cage at room temperature (20—
21°C). All animals had access to commercial food and tap
water ad lib and were kept on a controlled illumination
schedule (light on between 6 a.m. and 8 p.m.). They were
handled on two consecutive days prior to the start of the
experiment. Rats were transported from the animal house to
the experimental room 1 hr before the experiment.

Passive Avoidance Behavior

Animals were trained in a step-through type one trial



TABLE 1
EFFECT OF VASOPRESSIN AND RELATED PEPTIDES ON RETENTION OF A ONE TRIAL PASSIVE AVOIDANCE RESPONSE
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Latency (median sec) of the Retention Test (24 hr)

Treatment? 0 hr! 6 hr 12 hr 15 hr 18 hr 21 hr 23 hr

placebo 79 (57-101)* 42 (39-62) 77  (69-101) 70 (43-83) 74  (52-83) 75 (52-89) 80  (62-81)

AVP! 3001 (241-300)  163* (101-189) 2111 (182-241) 251% (182-300) 162* (118-173) 189% (121-210) 2381 (182-261)

DGAVP 231% (161-300) 62  (41-79) 251t (182-300) 300% (183-300) 282+ (183-300) 163* (119-183) 300% (246-300)

DDAVP 300F (261-300)  210% (138-300) 300% (264-300) 300% (212-300) 243* (137-300) 182% (126-243) 3001 (219-300)

placebo 79  (49-99) 53 (34-67) 82 (62-101) 75 (72-87) 70 (61-82) 72 (62-89) 80  (54-101)

[pGlu#,Cyt*}- 300f (213-300)  154* (105-182) 179t (124-260) 164* (108-182) 146* (107-183) 151* (106-182) 300% (241-300)
AVP-(4-9)°

[pGlu*,Cyt®]- 300% (212-300) 121 (92-137) 162* (110-183) 158* (103-172) 162* (102-200) 116 (69-131) 182+ (141-213)
AVP-(4-8)

[Cytf]- 1801 (141-300) 136* (94-163) 300f (234-300) 300% (182-300) 2731 (182-300) 172* (136-268) 300% (236-300)
AVP-(5-9)

[Cyt®]- 300% (236-300) 123 (94-168) 168* (112-182) 152* (108-183) 168* (107-300) 122  (90-138) 171+ (142-216)
AVP-(5-8)

Treatment was given subcutaneously at different times after the learning trial.

'Hr after the learning trial.
“Number of animals per group=6.

*Values are given as median (in parentheses the 25th and 75th percentile).

‘Dose per rat 3 ug SC.
‘Dose per rat 0.3 ug SC.

Different from rats simultaneous treated with placebo (*p <0.05, ip<0.02, $p<0.002) Kruskal-Wallis test and subsequent Mann-Whitney

U-test.

TABLE 2

EFFECT OF DGAVP AND AVP-(5-9) GIVEN IMMEDIATELY OR AT 15 HR AFTER THE LEARNING TRIAL ON THE RETENTION OF PASSIVE
AVOIDANCE BEHAVIOR AT 24, 48, AND 72 HR RETENTION TEST

24 hr 48 hr 72 hr
A B A B A B
saline! 83  (60-90)2 65  (61-99) 57  (33-64) 42 (27-63) 42 (24-60) 33 (21-61)
DGAVP? 242+ (183-300) 300% (261-300) 2101 (180-246) 47 (39-72) 163* (103-182) 34 (12-60)
AVP-(5-9)* 1931 (162-243) 300% (300-300) 163* (103-184) 58 (42-81) 111* (83-143) 40 (18-70)

A—treatment immediately after the learning trial.
B—treatment at 15 hr after the learning trial.
'"Number of animals per group.

*Values are given as median (in parentheses 25th and 75th percentile).

3Dose per rat 3 ug SC.
‘Dose per rat 0.3 ug SC.

Different from placebo treatment (*p <0.05, T<0.02, p<0.002) Kruskal-Wallis test and subsequent Mann-Whitney U-test.

learning passive avoidance test. The experimental apparatus
consisted of an illuminated platform (40 W bulb, placed 30
cm above) attached to a large, dark compartment equipped
with a grid floor. After habituation to the dark compartment
(2 min), rats were placed on the platform and allowed to
enter the dark compartment; since rats prefer dark to light,
they normally enter within 15 sec. After every trial, the door
separating the platform and the dark box was closed and the
animals were allowed to remain in the dark box for 10 sec.
On the next day after three more trials, an unavoidable
scrambled footshock (0.25 mA, 2 sec) was delivered through
the grid floor of the dark compartment (learning trial). The
median entrance latencies at the learning trial for the differ-

ent groups in the various experiments ranged from 3 to 10
sec, and the differences between groups were not significant.
Rats were removed from the shock box 10 sec after the ter-
mination of the shock. Great care was taken to ensure that
animals actually received the shock: (1) the current level was
frequently verified by direct measurement; (2) the shock de-
livery was regularly monitored by the experimenter (fingers
on the grid); (3) behavior of every animal was observed;
when they received the shock; animals displayed obvious
signs of mild distress (running, jumping, squeaking); (4)
metal grids and walls were scrupulously cleaned with dry
towels between experiments and between the learning trial;
the rats were placed on the platform and the latency to enter
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the dark compartment was measured up to a maximum of
300 sec. The subjects were tested in a predetermined order to
diminish bias in the results. Injections were performed at
different times after the learning trial: 0 hr, 6 hr, 12 hr, 15 hr,
18 hr, 21 hr, and 23 hr. The learning and the retention test
were always performed at the same time of the day-night
cycle between 2 p.m. and 5 p.m.

Peptides
[Arg®lvasopressin (AVP-(1-9); AVP), [desglycinamide-
(Arg®)jvasopressin (AVP-(1-8); DGAVP); [des-amino-

{D-Arg®jvasopressin (DDAVP); [pGlu*,Cyt]AVP-(4-9)
(AVP-4-9)), [pGlu*,CytJAVP-(4-8)] (AVP-(4-8)), [Cyt®l-
AVP-(5-9) (AVP-(5-9)) and [Cyt’JAVP-(5-8) (AVP-(5-8))
were used. Immediately prior to the experiments peptides were
dissolved in one drop of 1073 NHCI, then diluted with saline
(0.9% NaCl, pH 6.5-6.7) and injected subcutaneously in a
volume of 0.5 ml per rat. Control animals received the same
volume of saline. Based on previous studies [12], a dose of 3
pgrat for AVP, DGAVP and DDAVP, and 0.3 ug/rat for
AVP-(4-9), AVP-(4-8), AVP-(5-9) and AVP-(5-8) was cho-
sen. Peptides were generously donated by Organon Re-
search Laboratories, Oss, The Netherlands.

Sratistical Analysis

Passive avoidance latencies were analysed with
Kruskal-Wallis and subsequently with Mann-Whitney U
non-parametric test.

RESULTS

Vasopressin neuropeptides significantly facilitated pas-
sive avoidance behavior at the 24 hr retention test when
given 0 or 23 hr after the learning trial (Table 1). AVP, AVP-
(4-8) and AVP-(5-8) were significantly the most active when
given immediately after the learning trial (maximum latency
of 300 sec), U(6,6)=1, p<0.002, for every peptide, DGAVP
and AVP-(5-9) when given 23 hr after the learning trial
(maximum latency of 300 sec), U(6,6)=0, p<0.002, for each
peptide. DDAVP and AVP-(4-9) were significantly highly
active both when given at 0 or 23 hr after the learning trial
(maximum latency of 300 sec), U(6,6)=1, and 0, p<0.002,
respectively. Treatment at 6 hr after the learning trial was
without effect when DGAVP, AVP-(4-8) and AVP-(5-8)
were used (latency of 62, 121 and 123 sec), U(6,6)=11, 8, and
13, respectively, p>0.05, while treatment with AVP (la-
tency: 163 sec, U(6,6)=6, p<0.05); DDAVP (latency: 210
sec, U(6,6)=3, p<0.02); AVP-(49) (latency: 154 sec,
U(6,6)=6, p<0.05); and AVP-(5-9) (latency: 136 sec,
U(6,6)=7, p<0.05) exerted a small but significant increase in
avoidance latencies. The effect of AVP and AVP-(4-9) was
however significantly lower than when given immediately
after the learning trial (AVP: U(6,6)=4, p<0.02; AVP-(4-9),
U(6,6)=5, p<0.02). Effects of vasopressin neuropeptides
were in general also rather low when given 21 hr after the
learning trial: treatment with AVP-(4-8) (latency: 116 sec,
U(6,6)=10, p>0.05); and AVP-(5-8) (latency: 122 sec,
U(6,6)=9, p>0.05) was without significant effect;
treatment with AVP (latency: 189 sec, U(6,6)=3, p<0.02);
DGAVP (latency: 163 sec, U(6,6)=7, p<0.05); DDAVP (la-
tency: 182 sec, U(6,6)=4, p<0.02); AVP-(4-9) (latency: 151
sec, U(6,6)=6, p<0.05); and AVP-(5-9) (latency: 172 sec,
U(6,6)=6, p<0.05) induced a small but significant increase in
avoidance latencies.
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Administration of the vasopressin neuropeptides at 12, 15,
and 18 hr after the learning trial facilitated passive avoidance
behavior significantly. This was most clearly seen following
DGAVP, DDAVP and AVP-(5-9). Administration of these
peptides at 12, 15, and 18 hr after the learning trial induced

- similar avoidance latencies than when the injection was per-

formed at 0 or 23 hr after the learning trial, i.e., nearly
maximum avoidance latencies at the 24 hr retention test:
(DGAVP: latency at 12 hr, 251 sec, U(6,6)=4, p<0.02; at 15
hr, 300 sec, U(6,6)=0, p<0.002; at 18 hr, 282 sec, U(6,6)=2,
p<0.02); (DDAVP: latency at 12 and 15 hr, 300 sec,
U(6,6)=0, p<0.002 for each time; at 18 hr, 282 sec, U(6,6)=2,
p<0.02); and (AVP-(5-9): latency at 12 and 15 hr, 300 sec,
U(6,6)=0, p<0.002; at 18 hr, 273 sec, U(6,6)=2, p<0.02).
The effect of DDAVP was marked irrespectively of the time
of treatment. Avoidance latencies of saline-treated rats did
not vary much although latencies were slightly lower when
the injection was given at 6 hr after the learning trial.

In the next series of experiments, DGAVP and AVP-(5-9)
were injected at 15 hr after the learning trial and tested either
at 24, 48, or 72 hr after the learning trial. The effect of this
treatment was compared with administration immediately
after the learning trial. As can be seen from Table 2, post-
learning injection of DGAVP and AVP-(5-9) significantly
facilitated passive avoidance behavior at the 24, 48, and 72 hr
retention test: (DGAVP: latency at 24 hr, 242 sec, U(6,6)=3,
p<0.02; at 48 hr, 210 sec, U(6,6)=4, p<0.02; at 72 hr, 163
sec, U(6,6)=7, p<0.05); (AVP-(5-9): latency at 24 hr, 193
sec, U(6,6)=4, p<0.02; at 48 hr, 163 sec, U(6,6)=35, p<0.05;
at 72 hr, 111 sec, U(6,6)=7, p<0.05). However, injection at
15 hr after the learning trial, facilitated passive avoidance
behavior at the 24 hr retention test only (DGAVP and AVP-
(5-9), latency: 300 sec, U(6,6)=1 and 0 respectively,
p<0.002). At the 48 and 72 hr retention test, the latencies of
thus treated rats were not different from those of saline
treated animals.

DISCUSSION

The present study confirms previous observations that
vasopressin and vasopressin analogues facilitate consolida-
tion and retrieval of memory processes as tested in a passive
avoidance test [3, 5, 12, 24]. DDAVP appeared to be as
active as AVP and DGAVP, independent of whether the
peptide was given immediately after the learning trial or be-
fore the retention test. This is in contrast with studies on
active avoidance behavior in which it was found that
DDAVP had a much lower effect than AVP [33]. This may be
due to the fact that another behavioral paradigm was used
and that the origin of the peptide differed [36] from that of the
present study. Other studies also indicated behavioral effects
of DDAVP. DDAVP facilitated learning of a brightness dis-
crimination task [8] and improved spatial working memory in
a 24-arm radial maze [7]. Administration of DDAVP in hu-
mans was shown to have a beneficial effect on learning and
memory in a number of patients [23,35] and in healthy sub-
jects [1]. Interestingly, in the present study DDAVP affected
consolidation as well as retrieval processes, this probably is
due to its long term effect.

The shorter fragments of vasopressin are markedly more
active than the parent molecule, when given immediately
after the learning trial AVP-(4-9), AVP-(4-8), and AVP-
(5-8) or 1 hr prior to the retention test AVP-(4-9) and AVP-
(5-9). This agrees with previous studies [5, 12, 15]. The criti-
cal period for the behavioral effect of vasopressin to occur
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amounts to several hours before or after acquisition of an
active avoidance response [2,10]. Using a one trial passive
avoidance test, Bohus ¢r «l. [3] found that vasopressin
treatment given immediately after the learning trial or 1 hr
prior to the retention test were the most effective. If the
administration was postponed for 6 or 18 hr the effect of the
peptide had disappeared. The present results again show crit-
ical periods for vasopressin and related peptides. In order to
be fully active, peptides had to be administered immediately
after the learning trial or 1 hr prior to the retention test. In
general, the lowest effects of the peptides were seen at 6 and
at 21 hr after the learning trial. Surprisingly, there appeared
to be more than the two known sensitive periods. These
were best observed after treatment with DGAVP and AVP-
(5-9). Apart from the first one at 0 and the second one at 23
hr, injection between 12 and 18 hr after the learning trial
caused maximal retention. The first and second period have
been interpreted as effects on respectively consolidation and
retrieval processes [3]. The 12 to 18 hr period must be the
result of another process since administration of the peptides
did not result in a long term effect. In contrast to the post-
learning treatment which facilitated passive avoidance be-
havior at the 24, 48, and 72 hr retention test, administration
of DGAVP and AVP-(5-9) at IS5 hr after the learning trial
facilitated passive avoidance behavior at the 24 hr retention
test only. Thus, treatment at 15 hr after the learning involves
other mechanisms possibly concerned with circadian varia-
tion in metabolism and distribution, brain permeability proc-
esses, and behavioral performance.

This 12 to 18 hr period might be understood in terms of
resistance against enzymatic degradation. However, al-
though the various vasopressin neuropeptides have half-lifes
of different duration (J. Verhoef, personal communication),
all were active at the 24 hr retention test, when given be-
tween 12 and 18 hr but not 6 hr after the learning trial. Thus,
the sensitive period cannot easily be explained in these
terms.

Circadian organization may play a critical role in memory
processes [18, 19, 31, 34]. Disruption of circadian organiza-
tion in the rat results in a temporary memory disturbance
[9.30], in particular memory retrieval processes [13]. This
memory disturbance can be improved by treatment with
peptides related to ACTH and vasopressin [14]. The per-
formance in retention tests in a variety of appetitive and
aversive tasks fluctuates rhythmically. with optimal reten-
tion occurring 24 hr after training [18, 19, 34]. In studies
dealing with retention of avoidance responding, Kamin [21]
found that over shorter intervals aversively motivated be-
havior shows a peculiar U-shaped retention function with a
decline of performance at 1 and 6 hr after the training. Kamin
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[21] suggested that subjects after an aversive experience are
temporarily in a different state, presumably as a conse-
quence of the stress. In fact, adrenal steroids were found to
play an important role in this respect [4]. The failure of re-
trieval at intermediate retention intervals was confirmed by
various studies [18,31]. Holloway and Wansley {18] found
that retention of passive avoidance behavior is enhanced at
both 12 and 24 hr after training. In contrast, retention meas-
ured at 6 and 18 hr after the learning trial was significantly
impaired. The effects of vasopressin and related peptides in
the present study were lowest when injected at 6 and at 21 hr
after the learning trial. It may be therefore that this reflects
U-shaped function of the sensitivity of the brain to peptides
in general and of the memory modulating effect of vasopres-
sin and related peptides in particular caused by the stress of
the learning trial.

The better performance after treatment with AVP be-
tween 12 and 15 hr after the learning could have to do with
the fact that this period corresponds to the time between 3.00
a.m. and 6.00 a.m. and effects of drugs in rats are maximal
during the night phase which corresponds to the peak of their
activity cycle [27]. Sandman ¢r af. [28] found that «-MSH
produced a greater inhibition in passive avoidance behavior
in the dark period. However, this does not seem to be the
case in the present experiments. The effects of the peptides
on passive avoidance behavior appeared to be similar when
learning and testing were performed in the morning or in the
evening (data not shown). Circadian variations in mech-
anisms associated with learning and memory appeared to be
correlated with the levels of AVP in the CNS. Sandman ¢7 af.
[28] and Davies ¢r al. [9] found that rats display a daily
variation in performance of a passive avoidance task, with
optimal retention during the light phase of the day/night cy-
cle. At this period AVP levels are highest in the paraven-
tricular, supraoptic, suprachiasmatic nuclei [26], in the cere-
brospinal fluid [25,29] and in the plasma of rats [17]. Inter-
estingly in man, the circadian rhythm of vasopressin is the
reverse of that of the rat and AVP levels in human plasma are
higher during the night than during the day [16].

The present results may have relevance for the clinical
use of vasopressin and vasopressin analogues. In some
memory tests DDAVP is as good as AVP or DGAVP. It has
however, the disadvantage that it is a strong antidiuretic
agent and, if used chronically, may induce water retention.
In addition, our data show that there is little relation between
half-life of vasopressin and related peptides and their CNS
effects. Time of administration is at least as important as
metabolic degradation. Time-related studies also in the
human may therefore reveal more effective treatments than
have been administered so far.
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