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HIGHLIGHTS

® NMDAR blockade alters basal levels of c-Fos expression in a region specific manner.

® Inhibition of NMDARs, but not AMPARs, disrupts spatial memory encoding.

e Inhibition of NMDARSs attenuates expression of Zif268 but not c-Fos in area CA1.
® AMPAR blockade has no effect on spatial memory acquisition or IEG expression.
® Zif268 and c-Fos expression are not coordinated during spatial memory formation.
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The objective of this study was to examine the effects of NMDAR and AMPAR antagonism on the expres-
sion of Zif268 and c-Fos in the hippocampus and medial prefrontal cortex during spatial memory encoding
in rats trained in the Morris water maze. NMDAR inhibition impaired navigation and significantly attenu-
ated expression of Zif268, but not c-Fos, in area CA1. AMPAR channel blockade had little effect on learning
or IEG expression. Overall, Zif268 and c-Fos displayed markedly different patterns of hippocampal and
prefrontal expression, with Zif268 being more closely linked to spatial learning.

© 2016 Elsevier B.V. All rights reserved.

Itis widely accepted that the formation of new spatial memories
requires the hippocampus and activation of glutamate receptors
therein [1]. The N-methyl-D-aspartate receptor (NMDAR) sub-class
is thought to be particularly important, with studies showing that
NMDAR blockade impairs performance in a range of spatial tasks
[2]. Immediate early genes (IEGs) have also been implicated in spa-
tial memory processing. IEGs are rapidly and transiently induced
by neuronal activation, and accordingly, can be used as neuronal
activity markers [3]. As expected, increases in hippocampal IEG
expression (Zif268, c-Fos and Arc) have been reliably documented
following spatial learning [4]. Further to their role as activity
markers, IEGs also play a functional role in facilitating the cell
modifications which underlie synaptic plasticity and, in turn, long-
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term memory formation [5]. Their functional significance for spatial
learning and memory has been demonstrated previously in studies
showing that genetic ablation of IEGs leads to disrupted encoding
and retrieval [3].

Despite the importance of both glutamate receptor and IEG
activation for spatial learning, the way in which these processes
interact during the memory formation has received little attention.
To date, only one study has examined glutamate-IEG interactions
in this context [6]. Czerniawski and colleagues [6] illustrated that
antagonism of hippocampal NMDARs prior to contextual fear con-
ditioning resulted in a significant attenuation of Arc expression
in this region compared to naive controls, suggestive of a func-
tional coupling between NMDARs and Arc expression. However,
a similar finding has yet to be reported for spatial memory. The
objective of this paper was therefore to delineate the effects of
glutamate receptor antagonism on the encoding of spatial memo-
ries and associated IEG expression. As administration of glutamate
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receptor antagonists has been shown to influence basal IEG expres-
sion [7], we examined their impact on IEG expression both before
and after spatial training (Experiments 1 and 2). In addition to hip-
pocampal areas CA1, CA3 and the dentate gyrus, we analysed IEG
expression in the medial prefrontal cortex, due to its known role
goal-directed behaviour [8]. A final aim of this study was to deter-
mine whether or not the expression of IEGs is coordinated during
spatial learning. Current evidence is equivocal, with some stud-
ies reporting similar patterns of expression across multiple IEGs in
the hippocampus [9], and others finding divergent activation pat-
terns in the hippocampus and prefrontal cortex [10,11]. Thus, we
charted pre- and post-learning expression of two commonly used
IEGs: Zif268 and c-Fos.

Subjects were forty-seven male Wistar rats (three months old,
250-300¢g) obtained from Charles River Laboratories, UK. Ani-
mals were housed three per cage in a temperature controlled
environment (~21°C), had ad libitum access to water and food
pellets and were maintained under a 12:12h light:dark cycle
(07:00-19:00). All experimentation was carried out during the
light phase and animals were well handled and acclimatised to the
testing environment beforehand. Guidelines for the maintenance
and experimentation of animals conformed to the Department of
Health and Children (Ireland) guidelines under statutory instru-
ment (S.I.) No. 543 of 2012 and the European directive 2010/63/EU.

In Experiment 1, the influence of glutamate receptor block-
ade on basal expression of Zif268 and c-Fos in the hippocampus
and prefrontal cortex was examined. Rats were randomly divided
into three groups (n=5 per group): MK-801, CNQX and Saline.
MK-801 and CNQX groups were administered intraperitoneally
(i.p.) with NMDAR antagonist MK-801 (0.1 mg/kg; Sigma-Aldrich)
or a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor (AMPAR) channel blocker CNQX (1.5 mg/kg; Tocris Bioscience),
respectively [12]. The Saline group was administered with physi-
ological saline (0.1 ml/100 g body weight of 0.9% sodium chloride;
Sigma, Ireland). All subjects received one injection per day for five
days (matched to spatial training in Experiment 2). After drug
administration, animals were returned to their home cages and
monitored for any drug-induced locomotive behaviours.

Ninety minutes post-injection on day five, animals were
terminally anaesthetised with sodium pentobarbital (60 mg/kg,
Euthatal) and perfused transcardially with 0.9% phosphate buffered
saline (PBS, 250 ml, Ph 7.4), followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB, 300 ml, Ph 7.4). Brains were removed
and post-fixed in 4% paraformaldehyde overnight at 4°C before
being cryoprotected in 30% sucrose solution. Coronal sections (40-
pm-thick; see Fig. 1A for distance from Bregma) were cut using a
freezing stage sledge microtome (Brights Instruments, Huntingdon,
UK), and free floating sections were stored in 0.1 M PB contain-
ing 0.01% sodium azide (4°C). To minimise variation in staining
specificity due to the immunohistochemical procedure, brain sec-
tions representing each region of interest from all animals were
processed side-by-side in a single batch. Immunohistochemistry
followed a standard Avidin-Biotin Complex/Nickel DAB colorimet-
ric protocol [13]. Zif268 and c-Fos were labelled using Zif268/Egr-1,
rabbit polyclonal antibody (dilution 1:3000; Santa Cruz Biotechnol-
ogy), and c-Fos, rabbit polyclonal antibody (dilution 1:2000; Santa
Cruz Biotechnology), respectively. Reaction times were standard-
ised for all sections to ensure comparable staining intensity across
groups. Sections were mounted onto gelatin-coated slides, dehy-
drated, cleared in Histoclear (National Diagnostics, Hull, UK), and
coverslipped using Eukitt (Sigma, Poole, UK).

Images of dorsal hippocampal (CA1, CA3, dentate gyrus) and
medial prefrontal regions were taken using an Olympus digi-
tal camera (Camedia C-2020-Z) mounted on an Olympus BX-50
microscope (4x magnification; see Fig. 1 for exact areas sam-
pled). To eliminate experimenter bias in the cell counting process,

counts were automatically calculated by the public domain pro-
gram Image] (National Institute of Health, USA) as per Ref. [14].
Specifically, cells above a pre-defined brightness intensity thresh-
old of 100, and within a pre-defined particle area size (20-200
pixel range) were included. Counts from four sections per ani-
mal were calculated for all regions. These counts were averaged to
produce individual subject means per region. Subject means were
then averaged according to group to produce group means. As all
immunohistochemical procedures were carried out in a single ses-
sion, normalisation of the data was not necessary and raw scores
were used in statistical analyses [10]. Statistical analyses were car-
ried out using SPSS (Version 22). IEG expression across groups was
compared using one-way ANOVA with Tukey post hoc tests.

No significant group differences in basal Zif268 expression were
noted for any area investigated (see Figs. 1 B, 2 A ). For c-Fos
expression, no significant differences were found in hippocam-
pal sub-regions; however, a significant main effect of group was
recorded in the medial prefrontal cortex (F;14=8.98, P=0.05),
where c-Fos expression was significantly elevated for the MK-801
group relative to the Saline and CNQX groups (both P<0.01; see
Figs.1C, 2 B).

Once the baseline effects of glutamate receptor blockade on
IEG expression had been established, we examined its influence
on spatial memory acquisition and on associated Zif268 and c-Fos
expression in the hippocampus and prefrontal cortex. In Experi-
ment 2, experimentally naive animals were randomly allocated to
one of four groups; Saline, MK-801, CNQX and Control (n=8 per
group). Saline, MK-801 and CNQX groups were spatially trained in
the hidden platform version of the Morris water maze [16] over
five days (four trials per day; see Fig. 3A). The experimental set up,
including the maze, platform, and distal cues (two light bulbs), were
identical to those described previously in Farina et al. [15]. Trials
were observed by the experimenter in an adjacent testing room via
a video camera positioned directly above the centre of the maze.
Behavioural data were recorded using EthoVision® tracking system
(Noldus Information Technologies, Wageningen, Netherlands).

Twenty minutes prior to training each day, rats received an i.p.
injection of saline (0.1 ml/100g body weight of 0.9% NaCl), MK-
801 (0.1 mg/kg) or CNQX (1.5 mg/kg) [12]. Saline-treated animals
acted as a trained comparison group, allowing us to contrast IEG
expression across treatment conditions while controlling for spa-
tial task demands. Spatial training was carried out over five days
as described previously in Farina et al. [17]. The Control group
received no training; they remained in their cages for five days,
receiving one i.p. saline injection per day (0.1 ml/100 g body weight
0f 0.9% NaCl). This group provided a baseline measure of IEG expres-
sion. Ninety minutes post-injection on day five, all animals were
terminally anaesthetised, perfused transcardially, and their brains
were removed, post-fixed and cryoprotected as per Experiment 1.
Immunohistochemical staining was performed for all groups in a
single session, thus cell counts were not normalised.

Behavioural task acquisition was assessed using escape latency
(in seconds). Daily escape latencies were averaged for each animal,
which were then averaged according to group to yield daily group
means. Escape latencies were analysed using a 3 x 5 mixed factorial
ANOVA (within-groups measure: day; between-groups measure:
group). Analyses of individual group escape latencies were exam-
ined using one-way repeated-measures ANOVA with Bonferroni
correction. Analyses of group differences on individual training
days were assessed using one-way between-groups ANOVA with
Tukey post hoc tests. Zif268 and c-Fos immunopositive cell counts
in the hippocampus and medial prefrontal cortex were automat-
ically counted and averaged as per Experiment 1. Regional group
differences in Zif268 and c-Fos expression were investigated using
one-way between-groups ANOVAs with Tukey post hoc compar-
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Fig. 1. (A) Coronal sections modified from Paxinos and Watson [15] with regions of interest highlighted and distance from Bregma (mm). DG, dentate gyrus, PFC, prefrontal
cortex. Frames indicate exact hippocampal regions in which cells were counted. The prefrontal area sampled is highlighted in black. (B) Zif268 counts (+SEM) in hippocampal
sub-fields (CA1, CA3, dentate gyrus) and the prefrontal cortex (PFC) for Saline, MK-801 and CNQX groups, (C) c-Fos counts (+SEM) in CA1, CA3, DG and PFC for all groups.
Asterisks depict significant differences between groups (** P<0.01). Left Y axis corresponds to mean cells counts in hippocampal sub-regions. Right Y axis corresponds to

mean cell counts in the prefrontal cortex.
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Fig. 2. Images of (A) Zif268 and (B) c-Fos immunoreactivity in CA1, CA3, dentate gyrus (DG) and prefrontal cortex (PFC) in the Saline, MK-801 and CNQX groups. Scale

bar=100 wm. Images are cropped from the total area sampled for ease of viewing.

isons (for trained groups) and independent samples t tests (trained
versus non-trained animals; corrected for multiple comparisons).
Significant main effects of day (F4g4=15.55, P=0.001, partial
eta?=0.43) and group (F,1 =50.42, P=0.001, partial eta®=0.83)
were found. The day x group interaction was not significant. Bon-
ferroni post hoc comparisons showed that mean escape latency on
day 5 was significantly faster than on day 1 (P=0.001). Tukey post
hoc tests showed that the MK-801 group was significantly slower

at escaping the maze compared to both Saline and CNQX groups
(both P=0.001; see Fig. 3A). Individual main effects of day were also
noted for the Saline (F4,g =17.02, P=0.001, partial eta®=0.71) and
CNQX groups (F428 =6.22, P=0.001, partial eta? =0.47). Bonferroni
post hoc tests showed that Saline-treated animals escaped the maze
faster on day 5 relative to day 1 (P=0.02). Post hoc tests were non-
significant for the CNQX group. No main effect of day was observed
for the MK-801 group (F4 28 =2.35, P=0.08, partial eta? =0.25). The
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Fig. 3. (A) Top: schematic diagram of the water maze illustrating position of the hidden platform (NE quadrant) and distal cues (NW and NE), Bottom: Mean escape latency
(£SEM) for Saline, MK-801 and CNQX groups following drug administration on each training day, (B) Zif268 counts (+ SEM) in CA1, CA3, dentate gyrus and prefrontal cortex
for Saline, MK-801, CNQX and Control groups, (C) c-Fos counts (+SEM) in CA1, CA3, dentate gyrus and prefrontal cortex for all groups. Asterisks depict significant differences
between groups (* P<0.05), hash signs indicate significant differences between experimental groups and caged controls (# P<0.05, ## P<0.01). Left Y axis corresponds to
mean cells counts in hippocampal sub-regions. Right Y axis corresponds to mean cell counts in the prefrontal cortex.

MK-801 group were also significantly slower at locating the plat-
form compared to the other groups on all days (day 1: F, 3 =7.40,
P=0.01,day2: F,,3=9.02,P=0.01,day 3: F, 3 =22.57,P=0.001, day
4: F»53=14.51, P=0.001, and day 5: F, 3 =13.00, P=0.001; Tukey
post hoc tests: all P<0.03).

When Zif268 expression levels in trained animals were com-
pared, main effects of group were found in CA1 (F» 53 =7.16,P=0.01)
and the dentate gyrus (F, 23 =5.00,P=0.02). CA1 Zif268 counts were
significantly higher for Saline and CNQX groups compared to the
MK-801 group (Tukey: P=0.05 and P=0.01, respectively; see Figs.
3 B, 4 A ). Dentate gyrus Zif268 expression was greater for the
CNQX group relative to the MK-801 group (Tukey: P=0.02). Zif268
counts were also significantly elevated from baseline (i.e. untrained
controls) for Saline and CNQX groups in area CA1 (t14=2.77,
P=0.05, and t14=5.28, P=0.01), and for the CNQX group in the
prefrontal cortex (t14=2.91, P=0.03; see Fig. 3B). No group differ-
ences in hippocampal c-Fos levels were found, while prefrontal
c-Fos expression for the MK-801 group was significantly higher
than baseline (t14=2.78, P=0.04; see Figs 3 C, 4 B).

In this study we characterised the effects of NMDAR and AMPAR
antagonism on the expression of Zif268 and c-Fos in the hip-
pocampus and medial prefrontal cortex before and after spatial
training in the Morris water maze. NMDAR blockade led to a
marked increase in basal prefrontal c-Fos (but not Zif268) expres-
sion, thereby demonstrating that, even at a relatively low dose,
NMDA antagonism can significantly influence gene expression in
the absence of any spatial training. However, hippocampal IEG
expression was unaffected, suggesting that NMDAR blockade alters
baseline expression of c-Fos in a region specific manner. These
findings have important implications for IEG imaging research
involving pharmacological interventions, particularly with regard

to c-Fos as a regional marker of neuronal activity. In contrast to
NMDARSs, inhibition of AMPARs had no effect on basal IEG expres-
sion in any area analysed.

Antagonism of NMDARSs during spatial training resulted in dra-
matically impaired learning. The MK-801 group failed to improve
at finding the platform over the course of training, and took
considerably longer to reach the target compared to saline- and
CNQX-treated animals. While MK-801 administration has previ-
ously been shown to disrupt motor functioning [18], we observed
no such effects; thus, the poor performance of the MK-801 group
cannot be attributed to a movement deficit. Instead, our results
support the suggestion that NMDAR activation is important for
spatial memory performance [19], even after multiple days of train-
ing. In addition to impaired navigation, NMDAR blockade led to a
significant reduction in Zif268 (but not c-Fos) expression in CA1,
relative to rats treated with saline or CNQX. Moreover, mean Zif268
expression for the MK-801 group in this area was comparable to
that of the cage control group; although it should be noted that
the suitability of cage controls as a comparison group continues
to be debated [10]. Together, results indicate a strong association
between NDMAR activation and Zif268 expression in CA1 dur-
ing spatial learning, which likely reflects their underlying roles in
learning-related plasticity. Again, AMPAR channel blockade had lit-
tle effect on IEG expression, and animals in this group successfully
acquired the water maze task. These results are in keeping with the
proposal that AMPARs are more closely linked to memory retrieval
[19].

Our results highlight the importance of area CA1 for spatial
memory, and support the current consensus that this region is
crucial for creating spatial representations of the environment [1].
Greater Zif268 activation in the medial prefrontal cortex was also
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Fig. 4. Images of (A) Zif268 and (B) c-Fos immunoreactivity in CA1, CA3, dentate gyrus (DG) and prefrontal cortex (PFC) in the Control, Saline, MK-801 and CNQX groups.

Scale bar =100 pm. Images are cropped from the total area sampled for ease of viewing.

associated with animals that learned the task, implying a link with
spatial learning. This would not be surprising given the known con-
nections between this region and area CA1 [8]. However, because
the difference between saline-treated rats and cage controls failed
to reach statistical significance, it is difficult to interpret the degree
of prefrontal involvement. Conversely, area CA3 and the dentate
gyrus did not appear to be engaged by the water maze task, with
only one small group difference in Zif268 expression being found in
the latter region. One possible explanation for this is the environ-
mental set up used. More specifically, CA3 and the dentate gyrus
are thought to be particularly important for pattern completion and
separation, respectively [20], neither of which were expected here
as our environment was fixed throughout training.

In contrast to previous research (see Ref. [4]), hippocampal c-
Fos expression did not differ between groups that learned the task
and those that did not. We suggest that this is due to the longer
length of training employed relative to other studies (typically one
to three days of training). Thus, c-Fos expression levels may have
peaked earlier during the encoding process, and were returning to
baseline by day five [21]. Moreover, the sustained increase in pre-
frontal c-Fos expression was likely due to NMDAR antagonism, as
per the baseline results. Finally, our data illustrate that Zif268 and
c-Fos expression is not coordinated in the hippocampus or pre-
frontal cortex in the context of spatial reference memory. These
results are comparable to those of Shires and Aggleton [10], who
also found different patterns of Zif268 and c-Fos expression in the
hippocampus and prefrontal cortex in rats after extensive training
in a spatial working memory task. These findings are particularly
salient, given that IEGs are often used interchangeably as markers
of neuronal activation. We therefore propose that Zif268 represents
a more robust index of spatial learning in the Morris water maze
task.
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