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Abstract

This study investigated effects of post-training treatment with phaclofen, GABAg receptor anta-
gonist, on the memory of food location and on the expression of Synapsin I in the hippocampus of
pigeons. Pigeons were trained in food location (7 sessions) and underwent post-training treat-
ment with phaclofen (0.3 mg/kg, i.p.; PHAC), saline (SAL) or non-treated (NTR). Testing for mem-
ory persistence occurred 7 days after the last training session (PHACR, SALR and NTRR Groups).
Pigeons treated with phaclofen had lower latency and higher correct choice values than saline and
non-treated controls (p < 0.05). Analysis of hippocampus tissue indicated that Synapsin I-positive
cell counts were higher in pigeons treated with phaclofen than in saline and non-treated controls
(p < 0.05). Data indicated enhancement of consolidation and persistence of food location memory,
and up-regulation of Synapsin I expression in the hippocampus of pigeons, which were related
with post-training blockade of GABAg receptors.
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1. Introduction

Spatial memory involves brain functions responsible for recognizing, codifying, storing and recovering informa-
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tion about the location of particular places or events in the space, the spatial relationships between them, and
functions which are fundamental for the survival of the species [1] [2]. Formation and persistence of spatial
memory require regulation of multiple intracellular signaling pathways and molecular mechanisms [3].

Most of the knowledge about synaptic mechanisms underlying spatial learning and memory has been essen-
tially related with glutamatergic neurotransmission in the hippocampus [4]. However, it is worth considering the
regulatory role played by other neurotransmitters in these mechanisms, particularly the gamma-amino butyric
acid (GABA)—a major inhibitory neurotransmitter in the brain. GABA prevents neuronal hyperexcitation,
playing a complementary function in the control of signal transduction in the hippocampus [3] [5], the structure
essentially involved with the organization of place learning and spatial mapping [1] [2] [6]. The GABAergic
neurotransmission, thus, provides a balance between neurotransmitters, which is basic for the regulation of es-
sential mechanisms underlying memory [7].

GABA acts via three major subclasses of membrane receptors: GABAA and GABA receptors are ligand-
gated chloride channels whereas GABAg is metabotropic receptors linked via G-proteins to potassium channels.
GABAg receptors also function as pre-synaptic auto-receptors, inhibiting the release of GABA. GABAergic re-
ceptor agonists and antagonists can, respectively, impair and facilitate memory retrieval [5] [8]. Numerous stu-
dies show the effects of GABA, receptor in learning [9], but the role of GABAg receptor in hippocampus-de-
pendent memory processes, particularly in birds, still needs research. Administration of GABAg receptor anta-
gonists has been linked to increased spatial memory in rodents [10]-[12] and humans [13]. GABAg receptor an-
tagonists have also been reported to induce up-regulation of Synapsin | expression—one molecule associated
with neuroplasticity underlying hippocampus-dependent spatial memory [14] [15]. Deficits in spatial learning
have been related with low level of Synapsin | [16]. Synapsin | is involved in neurotransmitter release, axonal
elongation, formation and maintenance of synaptic contacts, and is considered as a marker to evaluate synaptic
function associated with learning and neuroplasticity [14] [17] [18].

Considering these evidences and the fact that birds with intact hippocampus can solve spatial tasks [2] [19]
[20], such as the location of food in a dry version of the Morris maze [21]-[23], we investigated, in pigeons, the
effects of the post-training blockade of GABAg receptors on both the formation and persistence of spatial mem-
ory of food location and on the expression of Synapsin | in the hippocampus.

2. Material & Methods
2.1. Animals

Adult male pigeons (Columba livia), age around 24 months, weighing on average 450 g, were used. They were
obtained from the pigeon breeding center Sdo Francisco in Limeira, SP, Brazil and were housed in a pigeon vi-
varium, in individual cages with food and water (mixture of corn grits, sunflower seed and poultry feed), and
were maintained at 25°C, in 12:12 h light-dark cycle (lights on at 06:00 a.m.).

The experimental procedures were approved by the Ethics Committee for Animal Experimentation of the In-
stitute of Biology, UNICAMP, Brazil (Protocol #2096-1).

Groups of pigeons were treated with Phaclofen (PHAC, n = 14), Saline (SAL, n = 14), or received no-treat-
ment (NTR, n = 14). All groups underwent training in location of food. After the end of the 7™ session, one half
of the pigeons of each group was arbitrarily selected for a testing of memory persistence (R), which was con-
ducted 7 days later (PHACR; n=7; SALR; n=7; NTRR; n=7).

2.2. Procedures

2.2.1. Weight Control and Food Deprivation

Following the period of adaptation, the pigeons underwent daily weighting (7 days) for assessment of the aver-
age ad libitum weight and the experimental weight. Food deprivation consisted in gradual reduction of the daily
food supply, until the experimental weight (80% of the ad libitum weight) was reached (7 - 10 days). The birds
received ad libitum water during all the experimental period [19].

2.2.2. Apparatus and Experimental Situation

Sessions were conducted in a wood circular arena (1.5 m diameter x 50 cm height) with white floor and border,
positioned in the center of the experimental room (2.11 m wide x 3.10 m length x 2.77 m height). The floor was
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covered with a rough brown paper that was changed after each session. One small table (0.40 x 100 x 0.60 m) at
left of the entrance door; visual stimuli like sockets, light switches, and pictures (30 cm x 40 c¢cm) fixed in each
wall of the room-red circle, blue square, green triangle or a yellow star-, were used as distal landmarks. Four
points equally spaced along the arena circumference were defined as N (north), E (east), S (south) and W (west).
They served as orientation points every time the pigeon was placed inside the chamber. The arena area was also
virtually divided into four equal sized quadrants (NE, SE, SW and NW) [19] [22] [23]. In the SW quadrant there
was a cup filled with food and covered with sand whereas in the other three quadrants identical cups were filled
with plain sand. Sessions were recorded with a digital recording camera (Seykon, Mod. SK 1710-c) located 2.60
m above the center of the arena, which was connected to a monitor and computer system located in an adjoining
room.

2.2.3. Habituation to the Experimental Situation

Four days preceding the beginning of the experimental sessions, the pigeons were handled at the time scheduled
for experiment (8:00 to 12:00 a.m.) [24]. Two days before the first training, they had two 10 min exposures to
the arena, with a 5 min interval between them (habituation to the arena). No food cups were present in the expe-
rimental arena.

2.2.4. Drugs

The phaclofen (P118-Sigma-Aldrich, USA) was diluted in 0.9% saline and administered intraperitoneally (i.p.,
0.3 mg/kg) [5] immediately after the end of each training session of the pigeons in the PHAC group. Pigeons of
the SAL group received i.p. administration of saline immediately following the end of each training session.
Pigeons NTR group received no treatment with phaclofen or saline.

2.2.5. Training in Spatial Location of Food

Training was conducted during seven sessions, each one with six trials. The location of the correct food cup re-
mained fixed during all the six trials—in the center of SW quadrant, 18 cm from the arena wall, but in each trial
the bird was liberated at a different starting point [2] [22] [23]. The pigeons were gently placed in the arena with
its head facing the wall of the arena. The lights and a digital chronometer were simultaneously turned on and the
time until the first pecking in one of the food cups (latency) and the accuracy of the choice were recorded. The
choice was rated as correct if the pigeon pecked the cup containing food, as error if the pigeon first pecked a cup
with plain sand and as omission if no choice response occurred during the 5 min trial. After a correct choice the
pigeons were allowed access to the food during 5 s. The end of the trial was signaled by lights off that occurred
after this feeding period, one wrong choice or one omission of choice [19]. During the intertrial intervals (3 min),
the pigeon stayed in a cage located in an adjacent room. In the first training session three grains of food were left
on the top of the correct cup during the first two trials. The latency and accuracy of choice values were further
validated through the transcription of the digital recording of the sessions.

2.2.6. Testing of Spatial Memory Persistence

This test consisted of one experimental session of spatial location of food which was conducted 7 days after the
final (7™ session) training session. The procedures were the same as those used during training, but no treatment
was undertaken after this session [19].

2.2.7. Immunohistochemistry Analysis of Hippocampus Tissue

After 60 min since the end of the 7" experimental session (PHAC, SAL and NTR groups), or of the testing ses-
sion of memory persistence (PHACR, SALR and NTRR), the birds were anesthetized with ketamine (2 mg/kg,
i.m.) and xylazine (5 mg/kg, i.m.) and underwent cardiac perfusion with 0.9% saline and 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB, pH 7.4). The brains were post-fixed in 4% PFA during a 4 - 6 h period
and subsequently stored in a 30% sucrose solution at 4°C for at least 48 h. The brains were sectioned (30 pm) on
a sliding microtome in the coronal plane. Sections were incubated with the primary antibody (rabbit polyclonal
antibody) against the Synapsin | protein (ab64581; ABCAM Cambridge, United Kingdom) diluted 1:1000 in PB
containing 0.3% Triton X-100, during 12 - 16 h at 22°C. Following three 10-min washes in PB, the sections
were incubated with a biotinylated goat anti-rabbit serum (Jackson Laboratories, USA) diluted 1:200 in PB with
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0.3% Triton X-100 at 22°C for 1 h. Finally, the sections were incubated for 2 h with the avidin-biotin-peroxidase
complex (ABC Elite Kit; Vector Labs, USA). Following, the sections were treated with 0.05% 3.3’-diamino-
benzidine solution with 3 pL 0.01% H,0, for 5 min. The sections were mounted on gelatin coated glass slides,
dehydrated in an ethanol series, and over slipped with Permount (Fisher, USA). Sections from both brain he-
mispheres were examined under a light microscope. The immunoreactive cells were quantitated with the Image
J software (NIH Image). The count was reported as the density of Synapsin | protein cells (cells/mm?). A mini-
mum of 5 sections from each subject were examined. According to previous studies [25] our analysis was con-
ducted in the hippocampus [6] [26], considering the division which in a dorsal region (DHp) and in ventral re-
gion (VHp). These divisions were roughly corresponding to the dorsomedial region and the medial VV-complex
region.

2.2.8. Statistical Analysis

ANOVA for repeated measures considering the factor group (PHAC, SAL, NTR) and session (S1-S7) as re-
peated measure was run for comparisons of the mean values of the choice latency and the accuracy index. Two-
way ANOVA was used for comparisons of values of the latency and accuracy index of the 7" training session
(final training) and the testing session for the groups NTRR, SALR and PHACR. Tukey-Kramer test was used
for post-hoc multiple comparisons. Comparisons of Synapsin I-positive cells counting used one-way ANOVA
when total hippocampus counting was considered. Two-way ANOVA was used for comparisons of Synapsin I-
positive cells counting in different regions of the hippocampus, using group (NTR, SAL, PHAC, NTRR, SALR
and PHACR) and region of the hippocampus (DHp or VHp) as factors. The Tukey-Kramer test was used for
post-hoc multiple comparisons. The statistical significance level was set at p < 0.05.

3. Results

Figure 1 presents (Top) the mean percent latency of the choice response across training sessions for the PHAC,
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Figure 1. (a) Percent mean (%s.e.m) latency (sec) of the feeder choice across the sessions of training. Each value was calcu-
lated relative to the 1% session. “Significantly different from SAL and NTR groups; *Significant difference between PHAC
and SAL groups (Tukey-Kramer, p < 0.05); (b) Mean (£s.e.m) values of the index of correct choices, calculated for the six
trials in each session of NTR, SAL and PHAC groups. Significantly different from SAL and NTR groups; Significant dif-
ference between PHAC and SAL groups (Tukey-Kramer, p < 0.05).
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SAL and NTR groups. Each value was calculated for each session relative to the mean latency in the first ses-
sion (100%). ANOVA indicated statistically significant differences between groups (F, 35 = 35.16, p < 0.001),
session (Fg, 36 = 66.51; p < 0.001), and a significant interaction between group and session (F, ¢ = 1.87; p < 0.05).
The latencies in the 2", 3™ 4™ and 7" sessions of the PHAC group were significantly different from those in
NTR and SAL groups, and in the 5" session of SAL group (p < 0.05). The mean (+s.e.m) values of correct
choices index (Bottom) increased across the sessions of NTR, SAL and PHAC groups. Analysis with ANOVA
indicated that the correct choice index differed significantly between groups (F 35 = 32.46; p < 0.001) and be-
tween sessions (Fg 35 = 24.01; p < 0.001). Multiple post hoc comparisons indicated that the correct choice index
values in the session 1 was significantly different from the other six sessions of training and that the PHAC
group differed significantly from NTR and SAL groups in the 2", 3" 4™ and 6™ sessions (p < 0. 05).

Figure 2 shows the performance of the birds PHACR, SALR and NTRR in the 7" session of training in spa-
tial food location (final training) and in the testing of the persistence of memory (test) conducted 7 days after the
final training. The percent values were calculated relative to the mean values of the first training session (100%).
The data show that the PHACR group had latency values that were lower than those of the groups SALR and
NTRR in both during the final training and in the test (Top panel). These group differences in latency values
were confirmed by ANOVA (F, 15 = 12.17; p < 0.001) and the Tukey-Kramer multiple comparisons indicated
that the PHACR group was different form both SALR and NTRR groups (p < 0.05). The correct choice values
(Bottom panel) were also higher in the PHACR group than in the SALR and NTRR groups. ANOVA showed a
significant effect of group (F,, 15 = 16.93; p < 0.001), which was related with the higher accuracy of choice in
PHACR than in SALR and NTRR groups in both the final training and the test (p < 0.05).

Figure 3 presents in Panel (a) (left) a schematic representation of a frontal view of one hemisphere of the
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Figure 2. (a) Mean percent values (+s.e.m) of the latency (sec) of the feeder choice response in the 7" training session (final
training) and in the testing session (test). Each value was calculated relative to the 1% session of training; (b) Mean values of
correct choices index in the final training and in the test. “Significantly different from the final training and to the test of the
SALR and NTRR groups (Tukey-Kramer test, p < 0.05).
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Figure 3. (a) Schematic representation of one frontal section of the brain of the pigeon and one digital image of the hippo-
campi with indication of dorsal (HpD) and ventral (HpV) regions. Hp: hippocampus; N: nidopallium; A: arcopallium; (b):
Digitized images (frontal sections; AP 6.75) of the dorsal hippocampus region of pigeons showing the pattern of immuno-
reactive labeling of Synapsin I. Scale bar = 100 um. PHAC: phaclofen treatment; PHACR: phaclofen treatment and test of
memory persistence; SAL: saline treatment; SALR: saline treatment and test of memory persistence; NTR: no-treatment;
NTRR: no-treatment and test of memory persistence; (c) Average density of Synapsin I-positive cells in the hippocampus of
pigeons trained in food location (PHAC, SAL and NTR) and tested for memory persistence (PHACR, SALR and NTRR).
“Significantly different from SAL, NTR, SALR and NTRR groups (Tukey-Kramer, p < 0.05); (d) Average density of Synap-
sin I-positive cells for the regions HpD and HpV of the hippocampus of pigeons in each group. “Significant difference from
SAL, NTR, SALR and NTRR groups; “Different from DHp; *Different from all the other groups; *Different from SALR,
NTR and NTRR (Tukey-Kramer, p < 0.05).

pigeon’s brain [10], and (right), a digital image of the hippocampus with indication of the dorsal (DHp) and
ventral (VHp) regions of the hippocampus, which were used for the cell counting analysis. Panel (b) presents
digitized images of Synapsin I-positive cells, which were obtained from frontal, unilateral images of the dorsal
region of the hippocampus sections around the level AP 6.75 [10], for birds of the groups PHAC, SAL, NTR,
with the immunohistochemical analysis conducted after the 7" session of training and in the PHACR, SALR and
NTRR groups, with the analysis conducted after the test. The immunoreactivity for Synapsin I, characterized by
marking of the neuronal cytoskeleton, was more intense in the PHAC and PHACR groups than in the other
groups. In Panel (c), we find the values of average density of Synapsin I-positive cells counting in the hippo-
campus of pigeons for each of the groups-PHAC, SAL, NTR, PHACR, SALR and NTRR groups. ANOVA in-
dicated a significant difference between groups (Fs, 24 = 120.9, p < 0.0001). The groups treated with phaclofen-
PHAC and PHACR, were significantly different from the groups treated with saline-SAL and SALR and from
the non-treated groups-NTR and NTRR (p < 0.05). No significant differences were found between PHAC and
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PHACR groups (p > 0.05). Panel (d) shows the mean density of Synapsin I-positive cells found in DHp and
VHp areas of the hippocampus of pigeons of each group. ANOVA indicated that the average density of Synap-
sin I-positive cells in DHp and VHp had a significant difference between groups (Fs 4 = 38.27, p < 0.001), be-
tween regions (Fy, o4 = 498.12, p < 0.0001) and a significant interaction between group x region (Fs s = 16.66, p
< 0.001). The values obtained with Synapsin I-positive cells counting in the DHp region in the groups PHAC
and PHACR differed significantly from their VHp region and from both DHp and VHp regions of the SAL,
SALR, NTR AND NTRR groups (p < 0.05). Significant differences were also observed in the VVHp region of the
SAL Group and NTR and NTRR groups (p < 0.05). The values in the VHp region of SALR Group were signifi-
cantly different from those of all the other groups (p < 0.05).

4. Discussion

This study indicated that the post-training administration of the GABAg receptor blocker, phaclofen, resulted in
significant decrease in the latency of choice response and also in a significant increase in the rate of correct
choice responses across the sessions of training in a task of food location by pigeons. The performance of PHAC
pigeons support the consideration of facilitation of food location memory by the blockade of GABAg receptor,
although training has been efficient for learning and memory of the spatial task by the three groups of pigeons,
independently of treatment condition. This enhancement is evidenced by the robust decrease in the latency of
choice and the increased accuracy rate that were seen early in the second training session. The curves of latency
and correct response of the PHAC group indicate that pigeons treated with phaclofen showed faster performance
and higher accuracy across the sessions than the SAL and NTR pigeons. Our study agrees with previous studies
showing spatial learning in food location tasks by pigeons [19] [20] [22] and by Zebra finches [2] [23]. Fur-
thermore, our data showing the enhancing effect of GABAg blockade on the performance in food location task
confirm, for pigeons, the literature on enhancement of behavioral and cognitive processes after the use of
GABAg receptor antagonistin mammals [10]-[12] [27] [28]. In addition, the behavioral data suggest that the
blockade of GABAg receptors interfered both with processes of consolidation and with the persistence of the
food location memory. The enhanced consolidation of the food location memory could be evidenced by the
group differences in performance already seen in the second training session. Furthermore, 7 days after the last
training session, during the test of memory persistence, birds treated with phaclofen performed better than
SALR and NTRR birds, thus, suggesting that the treatment with phaclofen also affected processes that are in-
volved in the persistence of food location memory.

These data may suggest that the blockade of GABAg receptor interfered with cellular mechanisms that are
triggered by the experience of spatial training, which eventually support both the formation and persistence of
memory. Phaclofen binding to specific sites on the GABAg receptor, blocking its activation by GABA, induces
alterations in the molecular cascade normally activated by GABAg receptor (Figure 4). Also, the presynaptic
function of GABAg autoreceptors, which may inhibit the GABA release by pre-synaptic neurons, could also be
altered [4] [5]. So, the result could be decreased neuronal inhibition and consequent increased neuronal excita-
tion. Therefore, a decrease in GABAergic inhibition could alter intracellular signaling pathways in neurons of
the hippocampus which are essential for the formation of spatial memory. This is in line with rodents and birds
studies that demonstrated the fundamental involvement of NMDA receptors with memory processes, regulating
both the sequence of pre- and post-synaptic events involved with long-lasting cellular changes and the increased
expression of proteins that underlies the long-term memory. Consequently, decreases in neuronal inhibition due
to the blockade of GABAergic action can potentiate these mechanisms. Accordingly, the administration of
GABAg antagonist can increase synaptic long-term potentiation (LTP), effect that may depend on the stimula-
tion frequency used for LTP induction [5]. Moreover, it is also worth to note that Cullen et al. [28] suggest that
pre-synaptic inhibition via GABAg receptors may play a key role preserving the precision of a particular memory.

The enhancement of memory of food location, both in PHAC and PHACR birds when compared to the con-
trol groups, was positively related with up regulation of Synapsin | in the hippocampus. These data suggest that
molecular mechanisms underlying memory were altered by the blockade of GABAg receptor. The regional dif-
ferences in Synapsin I-positive cells counting may be related with the complex neurochemical profile of both
dorsal and ventral regions of the avian hippocampus [29] [30]. In addition, the DHp receives sensorial informa-
tion arriving to the hippocampus and, also, has efferent projections of the hippocampus to other pallidal areas

[31].



F. Canova et al.

GLUTAMINE
(a) J; 5 € GLIA CELL
(9] -
PRE-SYNAPTIC NEURON IO
GLUTAMATE \ 8
\ LUTAMATE

ya
e
’ \
7

—,
"
\ S
~_ v,
3w VoW v
‘7—' v
- -
v v v
v

GABA, RECEPTOR 4 GABA, RECEPTOR

N ADENYLYL
.
. CYCLASE

POST-SYNAPTIC NEURON

@ |® (b)

SYNAPTIC ()
CLEFT

o8 v

NMDA
RECEPTOR e
J— THREE

SYNAPTIC
| | PATHWAY
: |
H
v

POST-SYNAPTIC NEURON

Figure 4. (a) Synthesis of y-aminobutyric acid (GABA) from glutamate (catalyzed by L-gluta-
mate decarboxylase (GAD)) (1) after the synthesis, GABA neurotransmitter is stored in vesicles
(2) later release into the synaptic cleft by exocytosis (3) and connecting the ionotropic receptors
(GABA,) and metabotropic (GABAR), both located in the postsynaptic neuron (4) and presy-
naptic neurons (5), similarly, the GABA is transported to glia cells (6), occurring transamina-
tion of GABA to a-ketoglutarate, thus regenerating glutamate (7), which in turn is converted
into glutamine by the enzyme glutamine synthetase, and this in turn is transported to the presy-
naptic neuron (8) suffering glutaminase activity of the enzyme is synthesized in glutamate
again, starting a new cycle (9); (b) The phaclofen molecules bind to specific site of the GABAg
receptor; this causes blockage of inhibitory signaling pathway and consequent increased gene
activity; (c) In the hippocampus, there is a three synaptic pathway, when GABAg receptors are
activated control the release of neurotransmitters into the synaptic cleft (C1) in the presence of
phaclofen, this control does not occur, thereby increasing the amount of available neurotrans-
mitter in the synaptic cleft (C2) remaining longer stimulation. Figure 4(a) adapted from [34].
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Other studies showed increased Synapsin | immunorreaction after learning and memory formation [14] [16]
[18] [32]. However, decreases in the expression of Synapsin | in the hippocampus of rats have also been re-
ported after complete learning of an operant task [8]. Although this study has focused plastic changes due to
learning and to the blockade of GABAg only in the hippocampus, we cannot rule out the possible action of
phaclofen in other neural structures known to participate in spatial learning and memory processes. The system-
ic administration of phaclofen may have altered synaptic activity within a neural network where the hippocam-
pus, both in mammals and birds, has a central role in spatial cognition [2] [6] [26]. In fact, a wide distribution of
glutamate and GABA receptors is found across the regions of hippocampal formation [30] [33].

5. Conclusions

Taken together our data, we might say that the present study contributes to the knowledge about the role of
GABAg receptors in the modulation of behavioral and cognitive processes, extending to birds’ previous obser-
vations reported for rodents.

Furthermore, the increased expression of Synapsin I in the hippocampus, which is related with GABAg re-
ceptors blockade, indicates that GABAg receptors can also regulate key molecular events in the hippocampus
during the formation and persistence of spatial memory. In addition, this study, along with a growing body of
recent studies [2] [15] [24], indicates that birds, particularly the pigeon, are interesting experimental models for
the study of neural and behavioral aspects of learning and memory, allowing the analysis of processes and me-
chanisms that are conservative among mammals and birds.
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