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Activation of NMDA receptors by glutamate is particularly important in the initial stages of memory
consolidation. Memantine, a noncompetitive NMDA receptor antagonist, ameliorates memory impairment
under certain circumstances, despite blocking the activation of NMDA receptors. The present experiments
tested the hypothesis that memantine can improve memory deficits induced by isolation stress in day-old
chicks (Gallus gallus domesticus) trained in a one-trial taste-avoidance task. Three experiments assessed the
effects of memantine at different concentrations and in combination with isolation stress. The results of
Experiment 1 indicate that, under normal, non-stressed conditions, memory in control animals is strong and
15.0 mM memantine impairs memory, similar to that seen in many studies of the effects of NMDA receptor
antagonists on learning. However, the results of Experiments 2 and 3 showed that, when chicks were
exposed to isolation stress during the pre-training period, memory formation for saline-injected control
animals was impaired and 5.0 mM memantine significantly improved memory in an inverted U-shaped dose
response function. The current results extend the findings that memantine can ameliorate memory
impairment and supports the hypothesis that memantine, despite its action to reduce NMDA receptor
activity, can facilitate normalized memory acquisition.
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1. Introduction

The neurotransmitter glutamate and its receptors, in particular the
N-methyl-D-aspartate (NMDA) subtype, are important for learning of
new information. Morris et al. (1986) were first to demonstrate that
AP-5, a competitive NMDA receptor antagonist, impaired spatial
learning in rats, at doses comparable to those that impaired long-term
potentiation in the hippocampus, a process and site shown to be
important for learning the task (see Lynch, 2004). Since this time,
many researchers have confirmed that NMDA receptor blockers
impair memory formation in many species and paradigms (Butelman,
1989; Misztal and Danysz, 1995; Roberts and Shapiro, 2002; Sanger,
1992; Ungerer et al., 1991; Watson and Stanton, 2009; Xu, 1997; see
Robbins and Murphy, 2006).
In recent years, research has focused on the effects of memantine, a
noncompetitive NMDA receptor antagonist approved in 2003 for the
treatment of moderate to severe Alzheimer's disease (Chen and
Lipton, 2006; Doody et al., 2007; see Parsons et al., 2007). In contrast
to the effects of most NMDA receptor antagonists, memantine has
been demonstrated to improve learning in a variety of paradigms;
improvement is seenwhenmemory formation has been challenged in
some way, such as that seen in Alzheimer's disease (AD) or the
application of amnestic substances or procedures (Camarasa et al.,
2008; Zajaczkowski et al., 1997).

The chick one-trial taste-avoidance learning task is a perfect
paradigm in which to study the effects of NMDA receptor antagonists
such as memantine. In this task, chicks are trained to peck brightly
colored beads coated with an aversant such as methylanthranilate
(MeA). At training, the chicks display a disgust response, consisting of
head-shaking and beak-wiping. The animals learn to avoid beads that
are similar in appearance to the one presented at training during
subsequent testing trials (see Gibbs et al., 2008; Rose, 2000). This one-
trial learning task results in testable retention lasting at least 24 h,
accompanied by discrete biochemical and physiological consequences
localized to areas of the chick forebrain (Rose, 2004).

Memory formation for taste-avoidance learning is dependent on
NMDA receptor activity. The brain of the day-old chick is rich in
NMDA receptors, especially in the hippocampus and intermediate
medial mesopallium (IMM), areas critical for learning the taste-
avoidance task (Mitsacos et al., 1990; Patterson et al., 1990; Patterson
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Fig. 1. Timeline of behavioral training and testing. Chicks were injected with saline or
memantine 30 min before training. Ten min following injection, the chicks were pre-
trained with a 30 s presentation of a 2 mm water-coated pearl bead. Pre-training was
repeated 10 min later. At 30 min post-injection, the chicks were trained by a 30 s
presentation of a 3 mm chrome bead coated with 100% MeA. Four hours after training,
avoidance was tested by presentation of a dry 3 mm chrome bead to the chick for 30 s.
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and Rose, 1992; Rose, 2000; Sandi et al., 1992). Memory formation in
this task is associated with an increase in the amount of extracellular
glutamate in the IMM, increases in the levels of NMDA receptor
activation and binding of glutamate, and activation of pre- and post-
synaptic calcium channels mediated through NMDA receptor activa-
tion (Daisley and Rose, 2002; Salinska et al., 1999; Steele et al., 1995;
Stewart et al., 1992). Injections of glutamate or NMDA receptor
antagonists generally produce amnesia in the taste-avoidance task
(Burchuladze and Rose, 1992; Ng et al., 1997; Patterson et al., 1986;
Rickard et al., 1994; Sherry and Crowe, 2008).

Of interest to this study, social isolation stress is one design
manipulation that significantly alters learning in the taste-avoidance
task. Chicks are social by nature, and separation produces behavioral
signs of stress, including an increase in distress calls and frequency of
escape behaviors (Bermant, 1963; Rajecki et al., 1977). Social isolation
also increases corticosterone levels compared to group-housed and
pair-housed animals for at least 15 min following separation
(Feltenstein et al., 2003; Johnston and Rose, 1998; Jones and Merry,
1988). Studies with mammals have shown that corticosterone
increases glutamate activity, including rapid increases of NMDA-
induced Ca2+ elevation and increases in glutamate levels in the
hippocampus (Abrahám et al., 1996; Liu et al., 2007; Lowy et al., 1993;
Moghaddam et al., 1994; Sato et al., 2004).

Stress modulates memory formation for taste-avoidance learning.
Corticosterone injection produces amnesia for the task (Sandi and
Rose, 1997). On the other hand, corticosterone (Sandi and Rose, 1994)
or social isolation stress (Johnston and Rose, 1998) enhance learning
of a weak version of the taste-avoidance task, in which diluted con-
centrations of MeA are used and memory does not last very long.
MK801, a NMDA receptor antagonist, abolished the enhancement of
memory formation produced by corticosterone, suggesting that
corticosterone might act on memory formation through its action
on NMDA receptor activity (Venero and Sandi, 1997).

The evidence suggests that social isolation induces changes in the
levels of corticosterone, which might, in turn, act through the
glutamate receptor to modulate memory formation in the day-old
chick. In a weak version of the task, corticosterone acts to improve
memory, whereas it produces impairment of memory for the strong
version of the task. This suggests that an optimum level of glutamate
receptor activity is important for memory formation. This hypothesis
is supported through findings that both inhibition of glutamate
receptor activity, or glutamate excess, can produce amnesia for the
taste-avoidance task. For example, injections of monosodium gluta-
mate produce amnesia for taste-avoidance learning (Gibbs and Ng,
1977; Patterson et al., 1986). Injections of glutamate agonists, such as
1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) and 2-aminobi-
cyclo [2.1.1]hexane-2.5-dicarboxylic acid-I (ABHxD-1), are also
amnestic (Salinska and Stafiej, 2003). Lastly, injection of L-aspartic
acid β-hydroxamate, which inhibits astrocytic removal of glutamate,
also produces amnesia in this task (Gibbs et al., 2004).

We hypothesized that, under conditions of social isolation, increased
corticosterone levels create increases in glutamate receptor activity that
are amnestic for the one-trial taste-avoidance task. We evaluated this
hypothesis by examining the effects of memantine on memory
formation for taste-avoidance learning in day-old chicks intentionally
exposed to social isolation stress. We predicted that memantine would
improvememory formation that is typically impaired by social isolation.

2. Method

2.1. Subjects

Male, leghorn-derived chicks (N=534, average weight=30 g),
purchased locally (Hyline International, Elizabethtown, PA), arrived
one day after hatching. All chicks were housed together for 1h to
allow acclimation to the warm behavioral testing room (maintained
on a 12 hour light/dark cycle, at 38.5–40.5 °C and 45–51% humidity).
Pairs of chicks were then housed in opaque, Plexiglas pens (22.8 cm×
22.8 cm×22.8 cm) that were open at the bottom and sat on white
paper towels. One chick of each pair was marked on its back with a
blue dye to facilitate identification. All experiments were in com-
pliance with APA ethical standards of care and treatment of animals
and were approved by the Dickinson College Animal Care and Use
Committee.

2.2. Drugs

Memantine hydrochloride was purchased from Sigma Chemical
Company (St. Louis, MO) and was prepared fresh daily by dissolving
the drug in 0.9% sterile saline to the desired concentrations. All drugs
were administered intraperitoneally at a volume of 0.1 mL using a
1.0 ml syringe fitted with a 27-gauge needle. Each chick received one
injection, and chicks in the same pen were given the same drug
treatment. Memantine was observed to produce behavioral side
effects at doses greater than 15.0 mM, such as unresponsiveness to
the bead at training. In each experiment, several sessions were
conducted with a smaller number of animals (typically 50–80 chicks)
in which all drug conditions were present.

2.3. Social isolation stress

Stress was applied in the form of 1h of social isolation, in which the
chicks were placed individually into the behavioral testing pens.

2.4. Procedure

A strong version of the taste-avoidance task was used; retention in
control animals is generally high with strong training (Patterson et al.,
1986). Thirty minutes before training, the chicks were injected with
saline or one of several concentrations of memantine (see Fig. 1).
Behavioral observers were blind to the injection condition (saline or
memantine). Ten min following injection, chicks were pre-trained
with a 30 s presentation of a 2 mmwater-coated pearl bead (glued to
the end of a thin wire). Pre-training encourages the chick to peck at
training. Timingwas started once each chick oriented toward the bead
(moved its head toward the bead). The behavioral response (pecking
behavior) toward the bead was recorded as “peck” or “no peck.” Pre-
training was repeated 10 min later. At 30 min post-injection, the
chicks were trained by a 30 s presentation of a 3 mm chrome bead
coated with 100% MeA. The pecking behavior of each chick was
recorded as “peck,” “peck with disgust,” or “no peck.” Peck with
disgust is defined as beak-wiping or head-shaking following pecking
of the bead. Chicks that did not peck or failed to show a disgust
reaction at training were not used in the final analyses.

Avoidance training. Four hours after training, avoidance was tested
by presentation of a dry 3 mm chrome bead to the chick for 30 s. The
pecking behavior of each chick was recorded as “peck” or “avoid.”
Amnesia was defined as pecking at the bead during test, whereas
retention was defined as avoidance of the bead at test. The data were
analyzed using chi-square tests for independence.

Discrimination training. Twenty minutes after the first test trial, the
chicks were presented with a novel, 3 mm white bead for 30 s. While



Fig. 2. Chicks (N=262) were housed in pairs and received either an injection of saline
(control) or one of several concentrations of memantine: 0.5 mM, 1.0 mM, 5.0 mM,
10.0 mM, or 15.0 mM. The chicks were given strong training and no social isolation was
applied. *, percent avoidance for 15.0 mM memantine chicks compared to control
(χ2=9.38; p<.01; Φ=0.30).

Fig. 3. Chicks (N=225) were housed singly for 1 h upon arrival. Immediately following
injection, the chicks were returned to the pens in pairs. Each pair received either an injection
of saline (control) or one of several concentrations of memantine: 0.1 mM, 0.5 mM, 1.0 mM,
5.0 mM, 10.0 mM, or 15.0 mM. *, percent avoidance for 1.0 mMmemantine chicks compared
to control (χ2=5.16; p<.05;Φ=0.24). #, percent avoidance for 5.0 mMmemantine chicks
compared to control (χ2=6.68; p<.01;Φ=0.27).
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other researchers have used a shorter interval at test between the test
and novel bead, Crowe and Hale (2002) reported that chicks tested
with shorter intervals often displayed generalized avoidance of the
test beads.

During the test trials, behavior was recorded as the number of
pecks to each type of test bead. Chicks not pecking at the novel bead
were not used in the final analysis. The behavior of the chick was then
transformed into a discrimination ratio, in which the number of pecks
of the white novel bead is divided by the number of pecks to the
chrome bead plus the novel white bead. Amnesia is indicated by a
discrimination ratio approaching 0.5 (pecking both beads). Learning is
indicated by a discrimination ratio closer to 1.0 (in which the chick
pecks the novel bead but not the aversive bead). These results were
analyzed using a t-test.

2.4.1. Experiment 1: effects of memantine in control, non-stressed conditions
Chicks (N=262) were housed in pairs and received either an

injection of saline (control) or one of several concentrations of
memantine: 0.5 mM, 1.0 mM, 5.0 mM, 10.0 mM, or 15.0 mM. No social
isolation was applied. Ten minutes later, pre-training began. The chicks
were trained on the avoidance training method as described above.

2.4.2. Experiment 2: effects of memantine in chicks given 1 h pre-injection
social isolation stress and trained using the avoidance training method

Chicks (N=225) were given social isolation for 1 h before injection.
At the end of the social isolation period, the chicks received either an
injection of saline (control) or one of several concentrations of
memantine: 0.1 mM, 0.5 mM, 1.0 mM, 5.0 mM, 10.0 mM, or 15.0 mM.
Immediately following injection, the chickswere returned to the pens in
pairs. Tenminutes later, pre-training began. The chicks were trained on
the avoidance training method as described above.

2.4.3. Experiment 3: effect of 5.0 mM memantine in chicks given 1 h
pre-injection social isolation and trained using the discrimination training
method

Gibbs, et al. (2008) argued that the avoidance method used in this
task is less sophisticated than that of discrimination learning, in which
chicks are tested with two different beads. General response
inhibition can be ruled out with discrimination training, because
chicks that do not peck the novel bead are not used in the final
analysis. In addition, because the discrimination ratio calculated
measures the ability of the chick to avoid the bead associated with
training but peck the novel bead, this measure more clearly assesses
memory formation for the association between the training bead and
its consequences (bad taste). Finally, the discrimination method
yields parametric data that can be analyzed by t-tests and ANOVA,
more sensitive statistical analyses.We therefore examined if the effect
of 5.0 mM memantine found in Experiment 2 could be reproduced
using the discrimination training method.

Chicks (N=47) were given social isolation for 1 h before injection.
Each pair received either an injection of saline (control) or 5.0 mM
memantine as described for Experiment 2. Immediately following
injection, the chicks were returned to the pens in pairs. Ten minutes
later, pre-training began. The chicks were trained and tested using the
discrimination training method as described above.

3. Results

3.1. Experiment 1: effects of memantine in control, non-stressed conditions

As Fig. 2 demonstrates, when chicks were not stressed by isolation
and given strong training, 15.0 mMmemantine significantly impaired
memory formation (56% avoidance) compared to saline controls (83%
avoidance; χ2=9.38; p<.01; Φ=0.30). There were no significant
effects of 0.5 mM, 1.0 mM, 5.0 mM, or 10.0 mM memantine.
3.2. Experiment 2: effects of memantine in chicks given 1 h pre-injection
social isolation and trained using the avoidance training method

Fig. 3 shows that, when chicks were stressed by pre-injection
isolation and given strong training, both 1.0 mM and 5.0 mM meman-
tine significantly enhancedmemory formation (1.0 mM,83%avoidance;
15.0 mM, 86% avoidance) compared to the saline controls (60%
avoidance, χ2=5.16; p<.05; Φ=0.24, saline vs. 1.0 mM memantine,
and χ2=6.68; p<.01; Φ=0.27, saline vs. 5.0 mM memantine). There
were no significant effects of 0.1 mM, 0.5 mM, 10.0 mM, or 15.0 mM
memantine. Percent avoidance in the control group inExperiment2was
significantly less than percent avoidance seen in Experiment 1 controls
(χ2=4.55; p<.05; Φ=0.20).

3.3. Experiment 3: effects of memantine in chicks given 1 h pre-injection
social isolation and trained using the discrimination training method

5.0 mM memantine again improved memory formation compared
to saline-injected controls (t (47)=2.29; p=0.027; d=0.31; see
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Fig. 4). Percent avoidance in these two groups was comparable to that
seen in Experiment 2 (saline-injected controls, 52.0% avoidance;
5.0 mM memantine group, 79.2% avoidance; χ2=3.99, p<0.05;
Φ=0.29). There were no significant differences in the average number
of pecks to the novel white bead in the saline-injected controls (8.3)
compared to the memantine-injected group (10.1).
4. Discussion

The results of the present study indicate that under normal, non-
stressed conditions, control animals show high levels of avoidance at
test and memantine, like other NMDA receptor antagonists, impairs
memory. However, when chicks are exposed to isolation stress during
the pre-training injection period, memory formation for saline-
injected control animals is impaired and memantine significantly
improves memory in an inverted U-shaped dose response function.

In Experiment 1, chicks injected with saline showed high levels of
avoidance, indicating that strong training occurred, whereas chicks
injected with memantine (15.0 mM) exhibited significant amnesia.
These results confirm previous findings that inhibition of NMDA
receptor activation produces amnesia in chicks trained on the strong
version of the one-trial taste-avoidance task (Burchuladze and Rose,
1992; Ng et al., 1997; Sherry and Crowe, 2008). Studies with other
paradigms support the hypothesis that NMDA receptor activation is
important in early memory formation. For example, visual imprinting
alters NMDA receptor binding levels in day-old chicks (McCabe and
Horn, 1988; Johnston et al., 1995), while disruption of NMDA activity
impairs such imprinting (McCabe et al., 1992). Disruption of NMDA
receptors also impairs auditory imprinting in the chick (Bock et al.,
1996). In addition, NMDA receptor activity has been shown to be
important for both spatialmemory in black-capped chickadees (Shiflett
et al., 2004) and song learning in the zebrafinch (DingandPerkel, 2004).

Studies suggest that activation of NMDA receptors is critical for the
acquisition and formation of memory for the one-trial taste-avoidance
task in day-old chicks, while non-NMDA receptor activation may play
a role in later processes, such as the maintenance or consolidation of
memories. Rickard et al. (1994) found that 6,7-dinitroquinoxaline-
2,3-dione (DNQX), an antagonist of kainate and AMPA receptors,
produced amnesia in the taste-avoidance taskwhen administered 20 min
after training. Injections of 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), another AMPA receptor antagonist, given 4 to 5 h post-training
Fig. 4. Chicks (N=47) were housed singly for 1 h upon arrival. Immediately following
injection, the chicks were returned to the pens in pairs. Each pair received either an
injection of saline (control) or 5.0 mM memantine. The chicks were trained on a
discrimination version of the one-trial taste-avoidance task. *, discrimination ratio
comparing 5.0 mM memantine group to control (t (47)=2.29; p=0.027; d=0.31).
also produced amnesia, and training on the taste-avoidance task was
associated with an increase in affinity for AMPA receptors measured 6 h
after training (Steele and Stewart, 1995). However, Steele and Stewart
found that CNQX administered either before training or 5 min after
training had no effect. Burchuladze and Rose (1992) also reported that
DNQX, CNQX and 6-nitro-7-sulphamoyl-benzoquinoxaline-2,3-dione
(NBQX) did not produce amnesia when given 5 min after training.

In Experiment 2, chicks were housed singly for 1 h upon arrival
and immediately following injection, the chicks were returned to the
pens in pairs. The percent avoidance in saline-injected controls was
significantly lower than percent avoidance in controls in Experiment 1
(60% compared to 83%), suggesting that social isolation produces
significant amnesia in the strong version of the taste-avoidance task.
Social isolation in chicks produces increased behavioral indicators of
stress, such as distress calls, defecation, and escape behaviors (Jones
and Merry, 1988). Social isolation also impairs key-pecking extinction
(Zolman and Hall, 1977), delays extinction of imprinting (Rimpau and
Schulman, 1981), and alters the timing of phases of memory
formation (DeVaus et al., 1980).

Social isolation is associated with an increase in corticosterone for
at least 15 min following separation (Feltenstein et al., 2003). It is
possible that this rise in corticosterone alters levels of glutamate in the
chick brain at the time of training. In the rat hippocampus, acute stress
weakens high-frequency stimulation-induced LTP (which is depen-
dent on NMDA receptor activation); this effect is dependent on
activity of the glucocorticoid receptor (Foy et al., 1987; Yang et al.,
2004). Acute treatment with corticosterone increases evoked gluta-
mate release from hippocampal synaptosomes; this effect is blocked
by the glucocorticoid receptor blocker mifepristone (Wang andWang,
2009). Future studies should examine the effects of social isolation
and corticosterone on glutamate release and post-synaptic NMDA
receptor activity at the time of training in the taste-avoidance task.

In Experiment 2, 1.0 mM and 5.0 mM memantine improved
memory formation in chicks given social isolation before training.
These results support the hypothesis that memantine, while normally
amnestic, can ameliorate memory impairment by decreasing excess
post-synaptic NMDA receptor activity. Memantine has been shown
to decrease memory impairment found in AD (Emre et al., 2008;
McKeage, 2009). Pre-treatment with memantine also prevented both
spatial and non-spatial memory loss produced by 3,4-methylenediox-
ymethamphetamine (MDMA) in the Morris water maze (Camarasa
et al., 2008). In honeybees, memantine facilitated olfactory condi-
tioning and ameliorated memory impairment produced by the
glutamate transporter inhibitor L-trans-2,4-pyrrolidine dicarboxylate
(Si et al., 2004). Parsons and his colleagues (see Parsons et al., 1993,
1995, 1996) have demonstrated that, due to a strong functional
voltage dependency and fast offset kinetics, memantine can exit the
NMDA channel under conditions of normal physiological activation by
glutamate, but also block any sustained high levels of glutamate in
pathological conditions, as might be found in moderate AD or the
conditions of training found in the current study.

Because improved memory in this task is defined by an inhibition
of response (avoiding the bead at test), it is possible that the results in
Experiment 2 are due to non-specific effects of memantine. Creeley
et al. (2006) have argued that memantine is only capable of
ameliorating memory impairments at doses that produce locomotor
side effects. This is unlikely in the present experiment because (1) in
Creeley et al., memantine increased locomotor behavior, which here
might lead to more pecking rather than less pecking, (2) memantine
at doses higher than 5.0 mM were associated with poor retention,
which is defined as increased levels of pecking rather than avoidance
(if memantine impaired general behavior, such as pecking, one
would expect to find decreased pecking as the dose of memantine
increased), and (3) the results of Experiment 3 demonstrate that
memantine also produces reliable memory enhancement using a
discrimination learning task.
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Previous results have shown that, in the chick one-trial taste-
avoidance task, weak training can be enhanced with either corticoste-
rone (Sandi and Rose, 1994) or social isolation (Johnston and Rose,
1998).With strong training, injection of corticosterone (Sandi and Rose,
1997) produces significant amnesia. The current results complement
these findings and show that social isolation also produces significant
amnesia for strong training (Experiments 1 and 2 control animals). In
addition, the present results indicate that that the NMDA receptor
antagonist memantine impairs memory for strong training but
improves memory under conditions of social isolation. Future studies
should examine the effects of memantine under weak training
conditions, accompanied by injections of corticosterone or social
isolation. By further reducing post-synaptic NMDA receptor activity,
memantine would most likely produce amnesia for weak training. As
has been shown with MK801 administration, memantine is also most
likely to inhibit the facilitating effect of corticosterone on memory
formation for weak training (Venero and Sandi, 1997). With strong
training, memantine might ameliorate the amnestic effects of cortico-
sterone, as we have shown here that it ameliorates social isolation-
induced amnesia.

The mechanism by which memantine might ameliorate isolation
stress-induced impairment of memory formation is not fully under-
stood. Clearly, reducing glutamate receptor activity under conditions in
which excess glutamate receptor activity might occur (such as social
isolation) would result in more normal levels of NMDA receptor
activation.Memantine is uniquely qualified to quickly work in this way.
The current results extend the findings that memantine can ameliorate
memory impairment and supports the hypothesis, as suggested by
Parsons et al. (2007), that memantine, under conditions of amnestic
glutamate receptor activity, can facilitate normalized memory
acquisition.
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