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This series of studies examined the effect of the PDE4 inhibitors rolipram and YM976 on the recall of the
passive avoidance learning (PAL) task in the day old chick, with a particular focus on the role of D1 receptor
in activating this pathway. The results indicated that 2.0 mg/kg rolipram administered 5 min before or
immediately, 5, 15 or 30 min following training and 0.025 mg/kg YM976 administered 15 min before or
immediately, 5, or 15 min following training facilitated recall of the weak form of the task (i.e. using 20% v/v
Keywords: methyl anthranilate (MeA) as the aversant) at 180 min following training. In each case the effect emerged
Chick from 60 min following the training, and was still observable from 180 min to 24 h after training. In addition,
whilst administration of 0.5 mg/kg SCH23390, a D1 receptor antagonist, 10 min prior to training disrupted

Phosphodiesterase-4

Rolipram recall for the strong form of the task, co-administration of 2.0 mg/kg rolipram but not 0.025 mg/kg YM976
YM976 5 min prior to training prevented this disruption occurring. The results suggest a role for D1 receptor
Memory activation in the processes underlying the facilitation of memory by rolipram.

Passive avoidance

Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.

1. Introduction

Phosphodiesterase-4 (PDE4) is an enzyme that catalyzes the
hydrolysis of cyclic adenosine monophosphate (cAMP) and plays a
critical role in controlling its intracellular concentration (Zhang et al.,
2007). Rolipram, a dialkoxyphenyl pyrrolidinone, belongs to a group of
neuroactive compounds that have selective PDE4 inhibiting properties,
and acts to increase intracellular cAMP levels (Cherry and Davis, 1999;
Zhang and O'Donnell, 2000). This agent has been found to facilitate
memory performance in mice and rats (Barad et al., 1998; Egawa et al.,
1997; Imanishi et al,, 1997; Randt et al., 1982; Schneider, 1984; See
Blokland et al., 2006 for a recent review), and is also reported to have
antidepressant (Bobon et al., 1988; Eckmann et al., 1988; Hebenstreit
etal., 1989; O'Donnell and Frith, 1999), antipsychotic (Kanes et al.,, 2007)
and anxiogenic (Zhang et al., 2007) properties. Its role in treatment
however has been undermined by its marked side effect profile
including emesis and nausea (Bureau et al., 2006; Dyke and Montana,
2002).

Recently a novel PDE4 inhibitor, 4-(3-Chlorophenyl)-1,7-diethylpyrido
[2,3-d]pyrimidin-2(1-H)-one (YM976), has been developed (Aoki et al.,
2000b). YMI76 is a pyrimidine derivative and has a different structure
from that of the earlier PDE4 inhibitors such as rolipram in that it lacks the
3-cyclopentyloxy-4-methoxyphenyl group (Moriuchi et al., 2003).
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Despite this structural difference, Aoki et al. (2000a) using in vitro cell
free experiments, have demonstrated that YM976 is a strong inhibitor of
PDE4 with its inhibitory effects noted to be 500 times stronger than those
of rolipram. In addition, Aoki et al. have demonstrated that YM976 shows
no inhibition of the other PDE isozymes (i.e. PDE1, -2, -3 and -5)
indicating its specificity to PDE4 (Aoki et al., 2001), and both rolipram and
YM976 appear to equally affect the subtypes of the enzyme, each
facilitating the activities of PDE4A, 4B and 4D more strongly than their
effect on PDE4C (Aoki et al., 2001).

One of the attractive features of YM976 is that it is reportedly not
associated with the common side effects of nausea and emesis observed
with rolipram (Aoki et al,, 2001), providing a possible alternative avenue
for the development of pharmacological treatments for various memory
and other forms of physical and mental disorder. YM976 however shows
little inhibition of brain, as compared to peripheral, PDE4 activity at a
dose of 10 mg/kg, suggesting that YM976 has poor brain penetration as
compared with rolipram (Aoki et al., 2001), possibly underlying its
lessened emetic action. This aspect of the action of the respective PDE4
inhibitors was of particular interest to this investigation, particularly as
these parameters pertain to the respective memory facilitative effects of
the two agents.

Whilst it is evident that the administration of PDE4 inhibitors can
facilitate memory by increasing cAMP signaling, it has also been
demonstrated that manipulation of the biochemical events believed to
both precede and follow cAMP synthesis can also impact upon
memory processing. Studies have shown that cAMP is necessary for
the activation of cAMP dependent protein kinase A (PKA), which
results in turn in activation of its target transcription factor, cAMP

0091-3057/$ - see front matter. Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.pbb.2008.11.014


mailto:s.crowe@latrobe.edu.au
http://dx.doi.org/10.1016/j.pbb.2008.11.014
http://www.sciencedirect.com/science/journal/00913057

S.E Crowe et al. / Pharmacology, Biochemistry and Behavior 92 (2009) 224-230 225

response element binding protein (CREB) culminating in new protein
synthesis (Zhang and O'Donnell, 2000). It is these end processes of the
cAMP pathway, that is, protein synthesis and CREB activation, which
are believed necessary for long-term memory formation (Gibbs and
Ng, 1977; Guzowski and McGaugh, 1997; Rose, 2000, 2004). Disrup-
tion of D1 receptor activation, which is believed to trigger the events
necessary for cCAMP synthesis (Ardenghi et al., 1997; Guzowski and
McGaugh, 1997; Zhang and O'Donnell, 2000), can also disrupt long-
term memory formation, as can inhibition of the protein synthesis
believed to follow on from cAMP synthesis (Blair et al., 2001; Davis
and Squire, 1984; Gibbs and Ng, 1977; Okulski et al., 2002; Schafe and
LeDoux, 2000).

Our group has previously noted that the timing of the disruption of
memory noted with the D1 receptor antagonist, SCH23390 (Hale and
Crowe, 2003) corresponds with the increase in whole forebrain levels
of cAMP noted between 30 and 60 min after passive avoidance
learning (PAL) in the chick (Brown, 1987), as well as with the up-
regulation of dopamine D1 receptors observed by Stewart et al. (1996).
The onset of amnesia noted with SCH23390, also corresponds with the
onset of amnesia reported both by Serrano et al. (1994) and by Zhao
et al. (1995) following the application of protein kinase inhibitors.
These findings support the notion that D1 receptor activation, CAMP
levels and protein synthesis may each play a role in long term memory
formation through the cAMP-dependent protein synthesis pathway.

To date, there have been a number of studies which have
demonstrated that administration of PDE4 inhibitors, particularly
rolipram, can overcome experimentally-induced amnesia following
administration of protein synthesis inhibitors (e.g. Randt et al., 1982).
Similar findings investigating the possibility of PDE4 inhibitors
overcoming receptor antagonist-induced amnesia have also been
noted (Imanishi et al., 1997; Rutten et al., 2007; Zhang and O'Donnell,
2000).

It has been argued that the amnesic effect of D1 receptor
antagonists occurs by decreasing the synthesis of CAMP necessary to
activate protein synthesis (Hale and Crowe, 2003). It is thus possible
that concurrent administration of a PDE inhibitor may help to
facilitate memory by overcoming the effects of the D1 antagonist. If
PDE4 inhibitors were found to facilitate memory formation, an
interesting follow up question would be to determine whether the
agent can reverse the effects of D1 receptor antagonist-induced
memory impairment, therefore facilitating memory by increasing
cAMP levels and activating protein synthesis via protein kinase A.

In order to test these hypotheses, an appropriate measure of
memory processing which provides precise temporal parameters in
defining the stages of memory is required. The PAL task in the day old
chick is such a measure (Crowe and Hale, 2002; Rose, 2000, 2004).

The aim of this set of three experimental series was to: 1) examine
the ability of the PDE4 inhibitors rolipram and YM976 to facilitate
memory consolidation for the weak version of the PAL in the day old
chick; and 2) to determine whether D1 receptor activation plays a role
in the processes underlying this facilitative effect.

2. Methods
2.1. Animals and housing

Day-old white-LeghornxNew Hampshire cockerels were obtained
from a local hatchery on the morning of each experiment. On arrival,
chicks were randomly placed in pairs into open-topped wooden boxes
(20x25x20 cm). The boxes were maintained at a constant tempera-
ture of 20-25 °C using a white incandescent light bulb suspended
above each box. Each chick had ad lib access to food for the duration of
the experiment, but did not have access to water, as thirst acted to
increase motivation on the learning task. The chicks were housed in
pairs to reduce stress behaviours such as distress calling and attempts
to escape, which may have independent effects on memory processing

(De Vaus et al., 1980; Johnston and Rose, 1998). One chick in each box
was marked for identification during data recording. A group of 20
chicks constituted one experimental group. The La Trobe University
Animal Ethics Committee approved the experimental protocol.
Cockerels are always employed in these experiments as they are
excess to food production of this egg laying strain.

2.2. Drug preparation and administration

All drugs used during the series of experiments were administered
via subcutaneous injection into a skin-fold ventral to the rib cage
using a 1 ml syringe fitted with a 27.5 gauge needle. In experimental
series 1, chicks were injected with rolipram (4-[3-(Cyclopentyloxy)-4-
methoxyphenyl]-2-pyrrolidinone; Sigma, Castle Hill, New South
Wales; Cat #R6520) or DMSO (dimethyl sulphoxide; Sigma, Castle
Hill, New South Wales; Cat #D5879). In experimental series 2, chicks
were injected with either YM976 (4-(3-Chlorophenyl)-1,7-diethylpyr-
ido[2,3-d]pyrimidin-2(1H)-one; Sigma, Castle Hill, New South Wales,
Cat #Y4877) or saline. In experimental series 3, chicks were pretreated
with either SCH23390 (R(+)-7-Chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride; Sigma, Castle
Hill, New South Wales, Cat #D054) or saline and then treated with
either rolipram, DMSO, YM976 or saline. All drugs were prepared on
the morning of the experiment and were allowed to adjust to room
temperature before use. The drugs and control substances were
injected in a total volume of 100 pl. All injections were blind and the
codes were not broken until after the behavioural data had been
collected. The chemical aversant methyl anthranilate (MeA) was used
in the training trial. In the experiments in which a weak training
experience was required, MeA was diluted to 20% (v/v) in ethanol
(Crowe et al., 1989, 1990). In experimental series 3, 100% MeA was also
used.

2.3. Single-trial passive avoidance task

Chicks were trained on a modified version of the single-trial
passive avoidance task which has been described in detail elsewhere
(Crowe and Hale, 2002; Hale and Crowe, 2003). Briefly, the task
involves three components: pretraining, training and retention trials.

2.3.1. Pretraining

At the pretraining stage, chicks were presented with chrome bead,
approximately 2 mm in diameter, and a red bead, approximately 5 mm
in diameter. Both beads were attached to a straight wire, 250 mm in
length. First, the front of the box was tapped gently to gain the chick's
attention; the chrome bead was then immersed in water and
presented to the chicks to encourage their natural pecking response,
as reinforced by the water reward. The bead was presented to the
chick by hand for approximately 10 s and this process was repeated
after a period of about 20 min. Following the second pretraining trial
with the chrome bead, the chicks were presented with the red bead.
Again, the bead was dipped in water, and after gently tapping on the
front of the box, the bead was presented for 10 s. The number of pecks
at the red bead was recorded using a hand held data event recorder.
For all trials, a peck was scored when the chick made full contact with
the bead. The use of the pretraining red bead was necessary to
establish a baseline level of pecking for each chick. These data were
used in the subsequent statistical analysis.

2.3.2. Training

A red bead, visually identical to that used in the pretraining, was
used in the training trial. The bead was dipped in either the chemical
aversant methyl anthranilate (MeA) or water. The bead was presented
to the chick for 10 s. In experimental series 1 and 2, MeA was diluted to
20% v/v in ethanol; in experimental series 3, both 20% and 100% MeA
were used. Chicks typically show a disgust reaction after pecking at
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the aversive bead including shaking their heads, closing their eyes and
occasionally wiping their beaks on the floor of the box. Chicks that
failed to peck at the red bead during the 10 second trial were excluded
from the subsequent data analysis. In keeping with our previous
experience with this task, no more than 10% of the 20 chicks initially
employed in each group were excluded on this basis (Crowe and Hale,
2002). In all experiments water trained chicks were used to control for
the non-specific drug effects on motor or arousal functions (Crowe
and Hale, 2002).

2.3.3. Retention trial

The retention trial involved presenting the chicks with a visually
identical dry red bead. The retention trial was conducted at various
times following training according to the experimental protocol. The
number of pecks at the bead was recorded. An avoidance ratio (AR)
was calculated as the number of pecks at the red pretraining bead
divided by the number of pecks at the red test bead plus the number of
pecks at the red pretraining bead (i.e. AR=pecks pre/pecks pre +pecks
test).

2.4. Experimental series

Experimental series 1 consisted of a dose response, time of
injection and time course of retention for rolipram. For the dose
response, rolipram was prepared in doses of 0.125, 0.25, 0.5, 1.0,
2.0 mg/kg and compared with vehicle (DMSO)-treated controls.
Chicks were tested for retention at 180 min post training. For the
time of injection study, rolipram (2.0 mg/kg) or vehicle were injected
at =30, -15, -5, 0, +5, +15, +30 and +45 min relative to the training
trial and chicks were tested for retention at 180 min post training. For
the retention time course rolipram (2.0 mg/kg) or vehicle was injected
5 min prior to training and retention was tested at 10, 30, 60, 90, 180
and 1440 min post training.

Experimental series 2 consisted of a dose response, time of
injection and time course of retention for YM976. For the dose re-
sponse, YM976 was prepared in doses of 0.025, 0.05, 0.5, 1.0, 2.0 mg/kg
and compared with vehicle (saline)-treated controls. Chicks were tested
for retention at 180 min post training. For the time of injection study,
YM976 (0.025 mg/kg) or vehicle were injected at =30, -15,-5,0, +5,+15
and +30 min relative to the training trial and chicks were tested for
retention at 180 min post training. For the retention time course YM976
(0.025 mg/kg) or vehicle was injected immediately after training and
retention was tested at 10, 30, 60, 90, 180 and 1440 min post training.

Experimental series 3 examined the effects of rolipram and YM976
on SCH23390-induced amnesia on chicks trained with the weakly
reinforced training stimulus (20% MeA), strongly reinforced training
stimulus (100% MeA) or water. Ten minutes prior to the training trial
chicks were injected with either SCH23390 (0.5 mg/kg) or saline
followed 5 min later (i.e. 5 min before the training trial) by injection of
rolipram, DMSO, YM976 or saline. Retention was tested at 180 min
post training.

2.5. Statistical analysis
The analysis was performed on the mean avoidance ratios of each
group using analysis of variance (ANOVA), with post-hoc tests
employed where appropriate. The analyses were conducted using
SPSS software (Version 11.5 for Windows, SPSS Inc., Chicago, IL, USA).
3. Results
3.1. Experimental series 1: The effects of rolipram on memory formation
Rolipram facilitated memory formation for the weakly reinforced

training stimulus (20% MeA) as compared with the vehicle-treated
control group (Fig. 1A). Factorial ANOVA for training (20% MeA and

water-trained controls) and dose (DMSO, 0.125, 0.25, 0.5, 1.0 and
2.0 mg/kg rolipram) revealed a training xdose interaction (F(5,214)=
3.66, p=0.003) and main effects for training (F(1,214)=57.23,
p<0.001) and dose (F(5,214)=4.18, p=0.001). Levene's test of homo-
geneity of variance was not met. Dunnett's T3 post hoc tests were
therefore used which indicated increased mean avoidance ratios in
the 0.25, 0.5 and 2.0 mg/kg rolipram groups as compared with the
vehicle treated controls. The 2.0 mg/kg dose of rolipram yielded the
highest avoidance ratio (0.94%0.02) and was therefore used in
subsequent experiments. Water trained control groups were used to
address the possibility that the decreased pecking at test was caused
by a generalized effect of the drug rather than an effect on memory per
se. Post hoc tests revealed no difference in mean avoidance ratio
between vehicle-treated and rolipram-treated chicks (all ps>0.05).
Rolipram facilitated memory formation when injected at various
times both before and after training (Fig. 1B). Factorial ANOVA for the
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Fig. 1. Graphs illustrating the effects of the PDE4 inhibitor, rolipram, on memory formation
following passive avoidance training (mean avoidance ratio+SEM). Chicks were trained
with a weakly reinforced (20% MeA) stimulus and tested for retention at various times after
training. A) Dose response. Chicks were injected (s.c.) with vehicle (DMSO) or various doses
of rolipram (0.125, 0.25, 0.5, 1.0 and 2.0 mg/kg) immediately after training with 20% MeA
and tested for retention at 180 min post training. “p<0.05, p*0.01 versus vehicle; post hoc
Dunnett T3. B) Time of injection. Chicks were injected (s.c.) with vehicle or rolipram
(2.0 mg/kg) at various times before and after training with 20% MeA and tested for
retention at 180 min post training. *p<0.05, **p<0.01 versus time matched vehicle control;
post hoc Fisher's LSD. C) Retention time course. Chicks were injected (s.c.) with vehicle or
rolipram (2.0 mg/kg) 5 min prior to training and tested for retention at various times post
training. *p<0.05, **p<0.01 versus time matched vehicle control; post hoc Fisher's
Protected LSD tests.
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time of injection study revealed main effects for both training (F(7,628)=
148.60, p<0.001) and drug (F(7,628)=28.43, p<0.001). Post hoc pair
wise comparisons revealed an increase in mean avoidance ratio in the
rolipram- as compared to vehicle-treated chicks when the drug was
injected between 5 min before training and 30 min after training.
Among the water trained chicks, there were no differences between the
rolipram- and vehicle-treated chicks at any time of injection (all
ps>0.05).

When injected at the dose of 2.0 mg/kg 5 min prior to training,
rolipram facilitated recall of memory as compared to DMSO (Fig. 1C).
Factorial ANOVA for the time course of retention study revealed
drugxtraining (F(1,408)=6.15, p=0.014) and timex training (F(5,408)=
7.41, p<0.001) interactions and main effects for drug (F(1,408)=14.96,
p, 0.001), time (F(5,408)=4.01, p=0.001) and training (F(1,408)=88.53,
p<0.001). The drugxtime and drugxtime xtraining interactions were
not significant (all ps>0.05). Post hoc tests revealed a decrease in mean
avoidance ratio for the vehicle- as compared to rolipram-treated chicks
at 60, 90 and 180 min post training. Unexpectedly there was no
difference between DMSO and rolipram at 1440 min post training.

3.2. Experimental series 2: The effects of YM976 on memory formation

YM976 also facilitated memory formation for the weakly reinforced
training stimulus (20% MeA) compared with the saline-treated control
group when retention was tested at 180 min post training (Fig. 2A).
Factorial ANOVA for training (20% MeA and water-trained controls) and
dose (saline, 0.025, 0.05, 0.5, 1.0 and 2.0 mg/kg YM976) revealed main
effects for training (F(1,294)=114.81,p<0.001) and dose (F(5,294)=3.73,
p=0.003). Post hoc Dunnett's test indicated an increase in mean
avoidance ratio between the 0.025, 0.05, 0.5 and 2.0 mg/kg doses of
YM976 and saline. The 0.025 mg/kg dose of YM9I76 yielded the highest
avoidance ratio (0.83+0.03) and was therefore used in subsequent
experiments.

In the time of injection study, YM976 facilitated memory formation
when injected at various times both before and after training (Fig. 2B).
Factorial ANOVA revealed drugx training (F(1,362)=8.61, p=0.003) and
time x training (F(6,632)=2.45, p=0.024) interactions and main effects
for both training (F(1,632)=432.58, p<0.001) and drug (F(1,632)=34.51,
p<0.001). Post hoc Fisher's LSD pair wise comparisons indicated an
increase in mean avoidance ratio in the YM976- as compared to saline-
treated chicks when the drug was injected at — 15 min and also between
0 and 15 min after training. In the subsequent studies, YM976 was
injected immediately after training. Among the water trained chicks,
there were no differences between the rolipram- and vehicle-treated
chicks at any time of injection (all ps>0.05).

For the time course of retention study for YM976, factorial ANOVA
revealed a drugxtraining interaction (F(5,466)=27.71, p<0.001) and
main effects for drug (F(1,466)=18.40, p<0.001), time (F(5,466)=4.43,
p=0.001) and training (F(1,466)=323.98, p<0.001). The drugxtime
and drugxtimextraining interactions were not significant (all
ps>0.05). Post hoc Fisher's LSD pair wise comparisons revealed a
decrease in mean avoidance ratio for the saline-treated as compared
to YM976-treated chicks at 60, 90, 180 and 1440 min post training.
There were no differences between saline- and YM976-treated chicks
in the water trained groups at any of the time points sampled (all
ps>0.05).

3.3. Experimental series 3: The effects of rolipram and YM976 on
SCH23390-induced amnesia

Rolipram (2.0 mg/kg) prevented SCH23390-induced amnesia in
chicks trained with the strong aversant (100% MeA). Factorial ANOVA for
pretreatment (SCH23390 or saline), treatment (rolipram or DMSO) and
training (20% MeA, 100% MeA or water) revealed a pretreatment x treat-
ment interaction (F(2,204)=3.33, p=0.038) and main effects for
pretreatment (F(2,204)=10.67, p=0.001), treatment (F(1,204)=19.46,
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Fig. 2. Graphs illustrating the effects of the PDE4 inhibitor, YM976, on memory
formation following passive avoidance training (mean avoidance ratio+SEM). Chicks
were trained with a weakly reinforced (20% MeA) stimulus and tested for retention at
various times after training. A) Dose response. Chicks were injected (s.c.) with vehicle
(saline) or various doses of YM976 (0.025, 0.05, 0.5, 1.0 and 2.0 mg/kg) immediately
after training with 20% MeA and tested for retention at 180 min post training. *p<0.05,
**p<0.01, **p<0.001 versus vehicle; post hoc Dunnett's test. B) Time of injection.
Chicks were injected (s.c.) with vehicle or YM976 (0.025 mg/kg) at various times before
and after training with 20% MeA and tested for retention at 180 min post training.
*p<0.05, **p<0.01, “**p<0.001 versus time matched vehicle control; post hoc Fisher's
LSD. C) Retention time course. Chicks were injected (s.c.) with vehicle or YM976
(0.025 mg/kg) immediately after training and tested for retention at various times post
training. *p<0.05, **p<0.01, ***p<0.001 versus time matched vehicle control; post hoc
Fisher's Protected LSD tests.

p<0.001) and training (F(2,204)=22.54, p<0.001) (Fig. 3A,B). Post hoc
tests for the 20% MeA trained chicks revealed an increased AR in the
rolipram-treated as compared to vehicle-treated chicks in both the
SCH23390 and saline pretreatment groups (Fig. 3A).

Consistent with previous research with the strongly reinforced
(100% MeA) training stimulus (Hale and Crowe, 2003; Kabai et al.,
2004), post hoc tests indicated a decrease in AR in chicks pretreated
with SCH23390 as compared with saline-pretreated chicks (Fig. 3B).
Post hoc tests indicated an increase AR of rolipram-treated as
compared to vehicle-treated chicks in the SCH23390 pretreatment
group. Unexpectedly, the post-hoc tests revealed a small but
statistically significant difference between rolipram and DMSO-
treated chicks in the saline pretreatment group (DMSO: 0.60+0.02;
rolipram 0.69+0.03).

Unlike rolipram, YM976 (0.025 mg/kg) failed to prevent the
SCH23390-induced amnesia. Factorial ANOVA for pretreatment
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Fig. 3. Graphs illustrating the effects of rolipram and YM976 on dopamine D1 receptor
antagonist, SCH23390 (0.5 mg/kg)-induced memory disruption for the passive
avoidance task. In the pre-treatment phase, chicks were injected (s.c.) with either
SCH23390 or saline. In the treatment phase chicks were injected with vehicle (DMSO),
rolipram (2.0 mg/kg), vehicle (saline) or YM976 (0.025 mg/kg). A) Chicks were trained
with 20% MeA and treated with either DMSO or rolipram. B) Chicks were trained with
100% MeA and treated with either DMSO or rolipram. C) Chicks were trained with 20%
MeA and treated with either saline or YM976. D) Chicks were trained with 100% MeA
and treated with either saline or YM976. **p<0.05, *p<0.01 versus treatment control
(i.e. SCH23390/DMSO versus SCH23390/rolipram); Fisher's LSD. +++p<0.001, ++p<0.01
versus pre-treatment control (i.e. SCH23390/DMSO versus saline/DMSO); post hoc
Fisher's Protected LSD tests.

(SCH23390 or saline), treatment (YM976 or saline) and training (20%
MeA, 100% MeA or water) revealed a pretreatmentxtreatment
interaction (F(2,213)=6.58, p=0.002) and main effects for pretreat-
ment (F(1,213)=23.31, p<0.001), treatment (F(1,213)=4.51, p=0.035)
and training (F(2,213)=54.89, p<0.001) (Fig. 3C,D). For the weakly
reinforced (20% MeA) training stimulus data, post hoc tests indicated
an increase in mean AR in YM976-treated compared with saline-
treated chicks when chicks were pretreated with saline. However,
there was no difference in mean AR between YM976- and saline-
treated chicks in the SCH23390-pretreated group (Fig. 3C). Among the
YM976-treated chicks, SCH23390-pretreatment decreased mean AR
when compared with saline-pretreated chicks for the strongly
reinforced (100% MeA) training stimulus but there was no difference
between YM976- and saline-treated chicks in either the SCH23390 or
saline-pretreated groups (Fig. 3D). Post hoc tests did however reveal a
decrease in mean AR in both the YM976- and saline-treated chicks in
the SCH23390-pretreatment group as compared to the saline-
pretreatment groups (Fig. 3D). Post hoc tests indicated no differences
among the data for the water-trained chicks (all ps>0.05).

4. Discussion

The three experimental series reported in this study demonstrate
that 2.0 mg/kg rolipram administered 5 min before or immediately, 5,15
or 30 min following training and 0.025 mg/kg YM976 administered
15 min before or immediately, 5, or 15 min following training facilitated
recall of the weak form of the task (i.e. using 20% v/v methyl anthranilate
MeA) at 180 min following training. In each case the effect emerged from
60 min following the training, and was still observable from 180 min to
24 h after training. In addition, whilst administration of 0.5 mg/kg
SCH23390, a D1 receptor antagonist, 10 min prior to training disrupted
memory for the task, co-administration of 2.0 mg/kg rolipram 5 min
prior to training prevented this memory disruption occurring using
either the weak or the strong (100% MeA) version of the task. In contrast

co-administration of 0.025 mg/kg YM976 failed to reverse the
SCH23390-induced amnesia.

Specifically the results of experimental series 1 indicated: 1) that
rolipram facilitated memory for the weak version of the PAL task at the
doses of 0.25, 0.5 and 2.0 mg/kg with the latter dose producing the
largest effect; 2) rolipram needed to be administered between 5 min
before training and up to 30 min after training, and administration of
rolipram 5 min following training proved to be the most effective time
of administration, and 3) when rolipram was administered 5 min
following training, the facilitative effect was evident from 60 min
following training.

The timing of the facilitative effect of rolipram coincides with the
later stages of long term memory processing described by Rose (2000,
2004). This timing also coincides with the timing of increased cAMP
activity following PAL training previously noted by Brown (1987). It
has been suggested that there is a complex cCAMP dependent pathway
which is involved in the formation of long-term memories (see Lynch,
2004 for a review). The literature on PDE4 inhibitors including
rolipram, indicate that their main action is mediated by increased
cAMP signaling by preventing its breakdown (Cherry and Davis, 1999;
Zhang and O'Donnell, 2000).

The results of experimental series 2 explored the effects of the
novel PDE4 inhibitor YM976 on memory functioning in the chick.
These studies demonstrated that: 1) a dose of 0.025 mg/kg YM976,
was most effective in facilitating memory performance for the weak
version of the PAL task although doses of 0.05, 0.5 and 2 mg/kg were
also found to be effective; 2) the facilitative effect of 0.025 mg/kg
YM976 was dependent on the time of administration. YM976
facilitated memory performance when administered between
15 min before and up to 15 min following training, with the most
effective time of administration being 5 min following training; and 3)
administration of 0.025 mg/kg YM976, 5 min following training
produced a facilitative effect on performance on the PAL task by
60 min following training with this effect still present at 1440 min
following training.

YM976 has previously been demonstrated to be a specific inhibitor
of PDE4, which is thought to explain the increase in cAMP activity
following administration of this drug (Aoki et al., 2000b). It is most
likely that in common with rolipram, YM976 facilitates memory
performance by inhibiting the PDE4 enzyme responsible for breaking
down cAMP and hence increasing signaling via the cAMP-dependent
pathway involved in the formation of long term memory.

Hale and Crowe (2003) have suggested that the increase in cAMP
involved in memory consolidation is triggered by activation of the D1
receptor subtype. In support of this suggestion, they have demon-
strated that reduced memory performance for the PAL task occurs
following administration of the D1 receptor antagonist SCH23390. The
role of D1 receptor activation in triggering the processes through
which rolipram, and YM976 are thought to facilitate memory was
therefore examined in experimental series 3. The results demon-
strated that: 1) consistent with the findings of Hale and Crowe (2003),
SCH23390 was found to disrupt memory for the strong version of the
PAL task; 2) co-administration of 2.0 mg/kg rolipram with SCH23390
produced a facilitative effect on the weak version of the task and
prevented the amnesia induced by SCH23390 on the strong version of
the task; and 3) co-administration of 0.025 mg/kg YM976 with
SCH23390 was not found to prevent the memory disruption caused by
SCH23390.

It was concluded from these findings that the facilitative role of
rolipram was most likely related to D1 receptor activation. In contrast,
the results from this study suggested that D1 receptor activation is
possibly not involved in the memory facilitation following adminis-
tration of YM976. This indicates that despite the similarities in their
pharmacological action, that rolipram and YM976 differ in their ability
to overcome the challenge to memory processing posed by SCH23390,
indicating that there may be subtle differences in their mode of
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activity. This difference may be attributable to the divergence of the
two drugs with regard to their ability to penetrate the brain (Aoki
et al., 2001) and/or their potential to cause emesis which may be
mediated by a dopaminergic mechanism.

As noted by Hale and Crowe (2003) the significance of increased
cAMP signaling and therefore PKA activation culminates in the
phosphorylation of specific proteins including both CREB and DARP-
32. When activated, DARP-32 inhibits protein phosphatase 1 (PP-1)
(Greengard et al., 1999), which is responsible for dephosphorylating
CREB (Liu and Graybiel, 1996). Hemmings et al. (1986) suggest that
inhibition of PP-1 by DARP-32 acts to prolong and/or potentiate the
physiological effects of CREB by preventing its breakdown. Phosphor-
ylation of CREB is a cAMP/PKA dependent mechanism which has been
implicated in memory (Ardenghi et al., 1997; see Lamprecht, 1999 for a
review).

The results of this series of studies suggest a relationship between
D1 receptor activation and cAMP activity in the processes underlying
the facilitation of long term memory by PDE4 inhibitors, which
culminates in activation of CREB and the protein synthesis necessary
for long term memory consolidation. It is therefore suggested that the
facilitative effect of both rolipram and YM976 on weak initial training
is most likely related to cAMP dependent PKA molecular pathway,
which results in CREB activation and protein synthesis necessary for
long term memory consolidation. However neither their synaptic, nor
their biochemical basis was directly investigated. The results of the
current series of studies do suggest an interaction between rolipram
but not YM976 on the D1 receptors in the regulation of learning and
memory.

It is assumed that rolipram prevented the amnesia induced by
SCH23390 via increasing cAMP intracellular signaling. It is thus
possible that rolipram may act directly on the D1 receptor sites
themselves as opposed to the processes triggered following their
activation. Some support this contention arises from the work of Aoki
et al. (2001), in their investigation of the lesser emetic effect of YM976
in comparison to rolipram. When they measured the brain penetra-
tion of both rolipram and YM976 by measuring cAMP content in
peripheral tissues (peritoneal macrophages) and in brain, they noted
that YM976 increased the level of cAMP in peritoneal macrophages,
but did not cause significant increase in brain cAMP levels. Rolipram at
the same dose on the other hand, elevated the cAMP content of both
tissues. It thus seems possible that the differences in action noted with
YM976 and rolipram may be attributable to the difference in their
respective abilities to have a CNS action which only emerges in the
context of the current study with the challenge to the D1 receptor.

It would be useful in further experimentation to determine
whether administration of rolipram results in a direct up regulation
of D1 receptors in the chick brain, and to determine to what degree
this may be age related. Previous research (Harada et al., 2002) has
indicated that cAMP activity as well as its functional response to
dopamine D1 antagonists shows an age-related response in the brains
of primates.

In addressing these issues simultaneous examination of the
biochemical, physiological and behavioural effects of PDE4 in the
day old chick would be worthwhile. The biochemical cascade that
follows training on the PAL task has been noted to occur in two specific
regions of the chick brain, the intermediate medial mesopallium and
the medial striatum (Rose, 2000, 2004). Furthermore, Brown (1987)
has demonstrated increased cAMP signaling in the medial striatum
following training on this task. Thus it would be interesting to
determine whether there are any changes in brain cAMP activation in
these areas following administration of either rolipram or YM976. It
would also be useful to determine whether there is direct up
regulation of D1 receptors in these areas following administration of
rolipram.

The importance of these results in combination with the minimal
dose limiting side effects associated with the YM976, indicate that this

drug type may potentially be worthwhile in the clinical treatment of
age related memory disorders as well as having a possible role to play
in the memory deficits associated with depression, anxiety and the
psychotic disorders. However the specificity of this effect, particularly
with regard to its action on dopaminergic processes, needs to be more
clearly determined.
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