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Hippocampal memory-associated synaptic plasticity is driven by a cascade of transcription and new protein synthesis.
In vitro electrophysiological studies on acute hippocampal slices have elucidated much of what we know about this
molecular cascade. Curiously, these slices require a period of “equilibration” for the recovery of electrophysiological
properties such as LTP, implying ongoing time-dependent molecular events necessary for full expression of plasticity.
Using standard immunofluorescence combined with confocal imaging and a novel data analysis approach, we
implicate the transcription factor NF-�B in this plasticity-related molecular adaptation during equilibration. Marked
differences in basal NF-�B activity in distinct cell types of the hippocampus were observed, with the amount of active
NF-�B increasing throughout the 2-h equilibration period in all cell types. Moreover, distinct hippocampal neuronal
subfields exhibit very different responses to the GABAA receptor blocker picrotoxin, the presence of which is
required to achieve LTP in the dentate gyrus. These findings have implications for the use of acute hippocampal
slices to study the effects of compounds that signal through NF-�B on synaptic plasticity. Further investigation into
the cellular processes that occur during this molecular adaptation may increase our understanding of
plasticity-related events common to both LTP and memory formation.

Synaptic plasticity and reorganization of neuronal connections
within the hippocampus is observed following a learning event
and is vital for the formation and consolidation of new memories
(Morris et al. 2003; Lamprecht and LeDoux 2004). Such memory-
associated synaptic plasticity is underpinned by a molecular cas-
cade driven by de novo gene transcription and protein synthesis
(Stork and Welzl 1999; Igaz et al. 2002). Several transcription
factors, most notably cAMP response element binding protein
(CREB), have been implicated in this transcriptional cascade
(Kandel 2001). Central to the elucidation of molecular mecha-
nisms that mediate synaptic plasticity has been the electrophysi-
ological study of long-term potentiation (LTP) and long-term de-
pression (LTD), long-lasting enhancement and decrement in syn-
aptic strength, respectively. LTP- and LTD-like phenomena are
widely believed to underlie the initial cellular events that lead to
memory consolidation (Bliss and Collingridge 1993).

In vitro electrophysiological research, such as that on LTP,
makes use of acute hippocampal slice preparations that have
been invaluable for furthering our knowledge of synaptic trans-
mission within neuronal circuits of the hippocampus. The in
vitro preparation, however, differs considerably in structural and
molecular aspects from the hippocampal formation in vivo. An
established step in most acute in vitro electrophysiological pro-
tocols is the requirement for a period of recovery or “equilibra-
tion” following slicing of the hippocampus. Although the length
of time involved in this step can vary from 45 to 120 min, and
sometimes longer, this period is essential for the recovery of cer-
tain electrophysiological properties of the slice, in particular, the

ability to induce and maintain LTP. The need for such an equili-
bration period clearly implies the occurrence of key molecular
events necessary for full expression of synaptic plasticity. In sup-
port of this, the period sees alterations in the phosphorylation
status of a number of key proteins involved in LTP and LTD, for
example, AMPA receptor subunits and various kinases (Tauben-
feld et al. 2002; Oanh et al. 2004). By understanding how these
changes contribute to the recovery of synaptic plasticity in hip-
pocampal slice neuronal circuitry, we may gain a greater under-
standing of the underlying mechanisms of plasticity. In particu-
lar, equilibration period–related alterations at the level of tran-
scription factor activity remain poorly understood (Danzer et al.
2004). In the present study we have focused on a key transcrip-
tion factor implicated in plasticity, nuclear factor kappa B (NF-
�B) (Romano et al. 2006).

NF-�B is a dimeric protein made up of two subunits selected
from a family of five (p50, p52, p65, c-Rel, and RelB), with the
p50/p65 heterodimer by far the most abundant form. In neurons,
NF-�B exists in two pools, a latent pool, sequestered inactive in
the cytoplasm bound to its inhibitory chaperone I�B, and an
active pool in the nucleus where it functions to regulate gene
expression. In order for latent NF-�B to become activated, I�B
must first be phosphorylated, which causes its dissociation from
NF-�B and targets it for degradation by the ubiquitin 26S proteo-
some system. Free from the inhibitory constraints of I�B, NF-�B
translocates to the nucleus, where it functions in initiating the
transcription of a whole host of genes, including I�B, thus pro-
viding an auto-regulatory loop (Kaltschmidt et al. 2005). Such
activation of NF-�B is mediated by several stimuli including glu-
tamate. Furthermore, recent studies have indicated the require-
ment of active NF-�B for LTP, LTD, and spatial memory
(Kaltschmidt et al. 2006; Romano et al. 2006). Moreover, employ-
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ing the same antibody approach as adapted in the present stud-
ies, Freudenthal et al. (2004) demonstrated that NF-�B is up-
regulated in the hippocampus following both high-frequency
and low-frequency stimulation in vivo. Along with the recent
identification of p65-containing protein complexes in synaptic
terminals and their activity-mediated retrograde transport to the
cell body, these properties of NF-�B position this transcription
factor ideally to translate synaptic activity into a transcriptional
program driving subsequent plasticity (Kaltschmidt et al. 1993;
Meberg et al. 1996; Mattson and Camandola 2001; Wellmann et
al. 2001; Meffert et al. 2003).

Here, we have adapted the active p65-specific antibody ap-
proach used by Freudenthal et al. (2004) to allow the imaging of
NF-�B activity in distinct neuronal subfields of the hippocampus
in the acute slice. We focused on the three primary neuronal cell
populations of the hippocampal excitatory loop, namely the
dentate granule cells and the CA3 and CA1 pyramidal cells. These
cell groups are connected in series with the granule cells receiv-
ing synaptic input from the cortex, via the perforant path, trans-
mitting to the CA3 pyramidals via their mossy fiber axons. CA3
cells connect, in turn, with the CA1 pyramidal neurons via Schaf-
fer collaterals, with the CA1 cells finally transmitting back to the
cortex. There are well-established differences in the plasticity
mechanisms mobilized in each cell type. For example, LTP in the
cortical-dentate granule cell or CA3–CA1 synaptic connection is
NMDA receptor-dependent, while dentate–CA3 connections
achieve LTP in a manner that is independent of NMDA receptor
activity (Malenka and Bear 2004). Here, marked differences in
basal NF-�B activity in distinct neuronal cell types of the hippo-
campus were observed. Moreover, not only does the amount of
active NF-�B increase gradually throughout a 120-min “equili-
bration” period in all cell types, but distinct hippocampal neu-
ronal subfields exhibit very different responses to picrotoxin, the
GABAA receptor blocker routinely used as an experimental tool in
electrophysiological investigations of LTP.

Results

Distribution of active NF-�B in the rat hippocampus
acute slice preparation
In this study we focused on the three key neuronal cell fields of
the hippocampal excitatory loop, namely the dentate granule
cells and the CA3 and CA1 pyramidal cells. In each of these cell
fields, we observed a high proportion of nuclei that exhibited
substantial expression of active NF-�B (Fig. 1). In each NF-�B-
positive nucleus, compactions of discrete high-intensity staining
were evident (Fig. 1, inset). As observed in previous studies
(Kaltschmidt et al. 2000), this staining pattern is consistent with
NF-�B bound to chromatin structures and actively involved in
gene transcription.

In terms of NF-�B activity, qualitative differences were evi-
dent between the hippocampal cell populations. In the dentate
gyrus, there is an obvious distinction between the outer four-fifth
of the stratum granulosum, the cells of which expressed rela-
tively high nuclear NF-�B activity, and the inner one to two
layers of cells that, in contrast, expressed much lower levels of
the active form of this transcription factor (Fig. 1). Here, the
nuclear expression of NF-�B related to the maturity of the cell, as
the distinction between inner and outer cells corresponded with
that seen with polysialylated neural cell adhesion molecule
(NCAM PSA), a neuroplastic marker expressed on immature neu-
rons still being incorporated into the memory circuitry (Regan
2004). Curiously, the distinction clearly visible between CA3 and
CA1 pyramidal neurons in terms of NF-�B activity corresponds
directly to the termination point of NCAM PSA-expressing mossy
fiber axons of these same inner granule cells.

Within the CA3 pyramidal layer, an appreciable number of
cell nuclei were also active-NF-�B-negative and were qualitatively
different from the larger presumptive pyramidal neurons (Figs. 1,
2). Double-labeling studies confirmed a glial identity of the
smaller, NF-�B-negative nuclei in CA3 stratum pyramidalis, as
these clearly expressed the glial marker GFAP (Fig. 2). Of note,
these astroglia do express active NF-�B in the cytosolic domain of
their processes and perinucleus (Fig. 2A,C, arrows).

Using confocal imaging and a customized analysis ap-
proach, the amount of active NF-�B in different cellular compart-
ments, i.e., nucleus, perinucleus, and cytoplasm, within each dis-
tinct cell population of the hippocampus was quantified (Fig. 3).
For this purpose, we treated the two distinct cell populations
within the dentate granule cell layers separately. As judged by the
relative intensity of immunofluorescence, the amount of active
NF-�B in the cytoplasm was consistently lower than that mea-
sured in the nucleus for all cell types analyzed (Fig. 4). Further-
more, the level of active nuclear NF-�B was not uniform across

Figure 1. Hippocampal expression of active NF-�B and NCAM PSA in
the post-natal day-30 rat. (A) A 12-µm transverse section taken at �5.6
mm with respect to Bregma. Nuclei are stained with propidium iodide
(PI, red), and active NF-�B was labeled using a FITC-conjugated second-
ary antibody (green). (Arrow) Position of nuclei within figure inset. (Inset)
Punctate, high-intensity staining of activated NF-�B commonly seen dis-
tributed within many of the nuclei analyzed. (Right) Three high-
magnification images represent the regions of the hippocampus contain-
ing the different cell subpopulations that were analyzed. (B) The next
serial section taken from the same brain as that in A. The nuclei were
again stained using PI (red) and polysialylated neural cell adhesion mol-
ecule (NCAM PSA; green). (Right) The three high-magnification images
represent the hippocampal regions analyzed throughout this study. Scale
bars, 100 µm.
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the neuronal subpopulations of the hippocampus (Fig. 4). There
were higher levels of NF-�B activity detected in the nuclei of the
CA3 pyramidal cells relative to any other cell type. CA1 and
granule cells in the outer portion of the stratum granulosum
exhibited an intermediate activity level, with granule cells of the
infragranular zone expressing relatively low levels of nuclear NF-
�B activity (one-way ANOVA with Bonferroni post-hoc test,
P < 0.0001).

Comparison of NF-�B activity in the acute slice relative
to the in vivo situation
In order to relate the initial NF-�B activity levels reported above
in the acute slice preparation to those found in vivo, equivalent
transverse sections of the medial hippocampus (�5.6 mm with
respect to Bregma) were taken from naïve age-matched control
animals sacrificed by decapitation; the whole brain was rapidly
dissected and immediately snap frozen. Absolute nuclear and cy-
toplasmic levels of activated NF-�B were compared with the lev-
els seen in vitro in slices frozen immediately post-cutting (Time 0
min). While cytoplasmic levels of activated NF-�B were lower in
all cell populations analyzed from slices, only the granule cells of
the outer dentate gyrus showed any difference in nuclear NF-�B
activity (two-way ANOVA with Bonferroni post-hoc test,
P < 0.0001; Fig. 4).

NF-�B activity increases over time in all cell subtypes
in acute hippocampal slice preparations
Active nuclear NF-�B increased over time in hippocampal slices
in all cell subpopulations analyzed, with relative nuclear fluores-
cence intensities at 90 and 120 min significantly greater than
initial (0 min) levels (Fig. 5). This rise in nuclear NF-�B activity
over time was reflected by similar increases in the perinuclear
regions, suggesting a true activation/nuclear relocalization pro-
cess (data not shown).

NF-�B activity appeared to follow distinct temporal profiles
in different cell types. The CA3 pyramidal neurons exhibited a
rise in NF-�B activity following 90 min of incubation that re-
mained elevated at the 120-min time point (Fig. 5). The increase
in NF-�B activity appeared earlier, after only 60 min of incuba-
tion, in the CA1 region and again remained elevated until 120
min. In all cases, the temporal profiles of perinuclear NF-�B ac-
tivity closely matched those of the corresponding nuclear activi-
ties (data not shown).

Despite very different basal nuclear activity levels, the in-
crease in NF-�B activity in the inner and outer cell layers of the
dentate gyrus was similar over time. Nuclear NF-�B activity in-
creased in neurons of the inner dentate after just 30 min and

returned to initial levels at 60 min, with
subsequent increases at 90 min and 120
min (Fig. 5). While these oscillatory pat-
terns were recapitulated in the mature
neurons of the outer dentate, the in-
crease in active NF-�B at 30 min was evi-
dent in the perinuclear but not nuclear
domain. Failure to reach significance in
the latter cellular compartment likely re-
lates to the relatively higher baseline
level of activity.

Global increase in I�B� levels
in hippocampal slices over
a 120-min incubation period
The immunofluorescence data showed a
gradual increase in the amount of active

nuclear NF-�B over the 120-min period of slice “equilibration.”
In order to demonstrate the transcriptional relevance of this rise
in NF-�B activity, we measured the amount of the inhibitory
protein I�B� in the cytosolic fraction of these slices. As NF-�B
activation leads to the increased transcription of I�B�, enhanced
NF-�B activity should be reflected by an increase in I�B� expres-
sion. In addition, activation of NF-�B involves the phosphoryla-
tion of I�B�; dissociation from NF-�B allows nuclear transloca-
tion with phosphoI�B� targeted for degradation by the ubiquitin
26S proteosome system. Using Western immunoblot techniques
with the cytosolic fraction of whole hippocampal slices, we
found that the amount of I�B� protein increased by 30% in slices
that had been equilibrated for 120 min compared with slices
analyzed immediately after cutting. Moreover, the phosphory-
lated form of I�B� increased by 90% over the same time period
(unpaired Student’s t-test, P < 0.05; Fig. 6).

Picrotoxin differentially affects NF-�B activity in distinct
neuronal subtypes
In a final experiment, we investigated the effect of GABAA recep-
tor blockade with picrotoxin on NF-�B activity throughout the
slice. Picrotoxin (100 µM for 30 min) had no effect on NF-�B
activity in CA1 pyramidal neurons (Fig. 7). In contrast, picro-
toxin caused a robust increase in nuclear NF-�B activity in CA3
pyramidal neurons (unpaired Student’s t-test, P < 0.05; Fig. 7)
and immature granule cells of the dentate gyrus (unpaired Stu-
dent’s t-test, P < 0.001; Fig. 7). Interestingly, picrotoxin exerted
an opposite effect on NF-�B activity in mature cells of the outer
dentate stratum granulosum, causing a decrease in nuclear activ-
ity (unpaired Student’s t-test, P < 0.05; Fig. 7).

Discussion
Hippocampal synaptic plasticity, required for the effective stor-
age of memory, is driven by a cascade of transcription and new
protein synthesis (Bourtchouladze et al. 1998; Lamprecht and
LeDoux 2004; Regan 2004). Recent studies have implicated the
transcription factor NF-�B in hippocampal LTP, LTD, and spatial
memory (Freudenthal et al. 2004; Kaltschmidt et al. 2006;
O’Mahony et al. 2006; Romano et al. 2006; Vernon et al. 2006).
Thus, differential basal activities of this cardinal transcription
factor in distinct neuronal subpopulations of the hippocampus
have important implications for the nature of plasticity mobi-
lized in each area. Indeed, the expression of active NF-�B does
seem to relate to plasticity, at least as it is measured by electro-
physiological methods such as LTP. Specifically, while neuronal
cells of the CA1, CA3, and dentate gyrus all support NMDA re-
ceptor-dependent LTP, the mossy fiber synapses onto CA3 pyra-

Figure 2. High-magnification image of the CA3 region of the hippocampus taken from a post-natal
day-30 male rat. The 12-µm section was double-labeled for activated NF-�B (green) and glial fibrillary
acidic protein (GFAP; red), and nuclei were counterstained using Hoechst dye (blue). (A) NF-�B and
Hoechst staining. Notice the presence of NF-�B within GFAP-labeled astroglial processes (arrows). (B)
GFAP and Hoechst staining. (C) The three channels combined show high amounts of active NF-�B
colocalized with perinuclear GFAP staining (arrows).
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midal dendrites express NMDA receptor-independent LTP. The
substantially higher levels of NF-�B activity in CA3 pyramidals
may represent a fundamental property of these cells, providing
them with a set point closer to a threshold transcriptional activ-
ity that facilitates NMDA receptor-independent plasticity mecha-
nisms.

There is also a marked distinction in nuclear NF-�B activity
between the mature dentate granule neurons and the immature,
highly neuroplastic cells of the infragranular zone. In this regard,
it is of interest to note that NCAM-mediated adhesion up-
regulates NF-�B activity through kinase cascades similar to those
employed by cytokines (Choi et al. 2001). Such NCAM-mediated
adhesion, a feature of mature synaptic connections, may contrib-
ute to a build-up of NF-�B activity in the nuclei of the mature
hippocampal neuronal populations. Conversely, the immature
nature of the infragranular cells along with the presence of high

levels of PSA, a post-translational modification of NCAM that
destabilizes NCAM-mediated adhesion, likely contributes to the
lack of basal nuclear NF-�B activity in these cells.

Of particular interest for the current study is the need for a
period of recovery or “equilibration” following slicing of the hip-
pocampus. This period is essential for the recovery of certain
electrophysiological properties of the slice, in particular, the abil-
ity to induce and maintain LTP. Using electron microscopy,
Kirov et al. (1999, 2004) observed the appearance of 40%–90%
additional synapses in hippocampal slices (depending on the age
of the animal) compared with perfusion-fixed tissue during the
first 2 h of this recovery period. Our results implicate NF-�B in
these processes. NF-�B activity rises in acute hippocampal slices
over the 120-min incubation period following slicing in a stan-
dard aCSF solution at 32°C in all cell populations studied. Ac-
companying this rise in nuclear NF-�B are 30% and 90% in-
creases in total and phosphorylated I�B�, respectively. The
former observation suggests NF-�B-driven transcription to have
increased, as sustained activation of NF-�B results in the resyn-
thesis of I�B� through NF-�B-mediated gene expression (Chiao et
al. 1994), while the latter supports an activation of NF-�B
through the conventional signaling cascade. NF-�B has been
shown to be up-regulated in times of cellular stress and can act
either as a pro- or anti-apoptotic agent, depending on the stimu-
lus (Lin et al. 1999; Kaltschmidt et al. 2000). Specifically, several
mechanisms might explain the activation and nuclear transloca-
tion of NF-�B in the slice setting. First, studies have shown that

Figure 3. Method used to analyze the NF-�B activation (fluorescence
intensity of FITC) in the nuclear and cytoplasmic regions of individual
hippocampal cells. (A–D) An area of the outer dentate gyrus captured
using a 40�/0.8W water-dipping lens on a confocal microscope (Zeiss,
LSM Pascal). (A) NF-�B-labeled hippocampal nuclei. (B) The same cells as
those in A, but with a rainbow palette used to emphasize the regions of
highest NF-�B activity more clearly; the hotter the color, the greater the
level of active NF-�B. (C) The same cells as in A minus the red channel,
i.e., only the green channel highlighting NF-�B staining is present. (D)
The same cells as in A minus the green channel, i.e., only the red channel
corresponding to propidium iodide (PI)-labeled nuclei are represented.
An 18-µm line was drawn across each nucleus to be analyzed, and the
fluorescence intensities for PI and FITC were separated out (E). From the
raw fluorescence intensity values at each data point along the line, aver-
age nuclear, perinuclear, and cytoplasmic levels of NF-�B were calcu-
lated. Twenty percent of the maximum PI value of the cell was set as the
nuclear boundary. Perinuclear values were taken to be all those values a
distance of 1 µm from the nuclear boundary. Cytoplasmic values were
taken to be all those values outside the perinuclear boundary.

Figure 4. Comparison of nuclear and cytoplasmic NF-�B activity in
acute hippocampal slices (in vitro) frozen immediately post-dissection
(i.e., Time 0 min) relative to NF-�B activity levels in the in vivo situation.
Nuclear (A) and cytoplasmic (B) NF-�B activity levels are reported in each
neuronal subtype. Data are mean � SEM absolute fluorescence intensity.
Values significantly different from in vivo control (one-way ANOVA with
Bonferroni post-hoc test; P < 0.0001) are indicated by an asterisk:
(*) P-value < 0.05, (**) P-value < 0.01, (***) P-value < 0.001. (CA1) CA1
pyramidal cells, (CA3) CA3 pyramidal cells.
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the ATP levels in slices plummet on transfer to warm buffer,
requiring 45 min to return to normal (Whittingham et al. 1984;
Aitken et al. 1995). Critically, during this period, slices are
essentially experiencing in vitro ischemia. NF-�B has been shown
to be up-regulated in response to products of ischemia such as
H2O2

� (Schreck et al. 1991; Rosenberger et al. 2001; Shen et al.
2003). Secondly, hippocampal slices may undergo NMDA-
mediated excitotoxicity immediately post-cutting (Feig and Lip-
ton 1990), triggering an NF-�B-dependent anti-apoptotic cascade
(Hardingham and Bading 2003). Third, the mechanical trauma
caused by simply cutting slices may release pro-inflammatory
cytokines resulting in receptor-mediated activation of NF-�B. For
example, Schneider et al. (1998) showed an immediate and
enduring (+5 h) increase in IL-1� mRNA in acute slice prepara-
tions. In particular, such a role for IL-1� and TNF� is supported
by preliminary data from our group that demonstrates equiva-
lent increases in nuclear NF-�B activity following exposure of
slices to these pro-inflammatory cytokines (Sheridan et al. 2006;
G.K. Sheridan, M. Pickering, P.N. Moynagh, J.J. O’Connor, and
K.J. Murphy, unpubl.).

In vivo studies have clearly indicated activation of NF-�B
accompanies LTP, LTD, and learning in the hippocampus in the
absence of the confounding issues encountered in the acute slice
preparation (Freudenthal et al. 2004; Kaltschmidt et al. 2006;
Romano et al. 2006). In particular, Freudenthal et al. (2004), us-
ing precisely the same antibody marker, demonstrated increased
activity of NF-�B following both high- and low-frequency stimu-
lation of the perforant path in vivo. Whatever the signaling
mechanism in the slice, the equilibration phase sees the activa-
tion of this cardinal transcription factor critical for synaptic plas-
ticity. It is likely that the resultant gene regulation serves to set up
the hippocampal slice circuitry at a molecular level in support of
in vitro plasticity.

We also tested the possible contribution of picrotoxin, a
GABAA receptor antagonist, to NF-�B-mediated transcriptional
events that might underpin synaptic plasticity. Picrotoxin is of
particular importance in the dentate as LTP generation in that

structure is severely compromised in the
absence of such GABAA receptor block-
ade. Picrotoxin further increased NF-�B
activity in the nuclei of both immature
dentate granule cells and CA3 pyramidal
cells. One consequence of picrotoxin-
mediated GABA blockade, i.e., increased
spontaneous firing in the CA3 pyrami-
dal neurons, raises the intriguing possi-
bility that the rise in NF-�B in these cells
is activity-dependent. Interestingly, pic-
rotoxin has opposing actions on NF-�B
activity in the infragranular neurons
relative to the mature outer dentate
cells, with increased and decreased NF-
�B activation observed, respectively.
This observation may relate to the op-
posing actions that GABA exerts on
these two neuronal subpopulations (Liu
et al. 1996). As mentioned above, the in-
ner dentate consists of newer, more neu-
roplastic immature cells as evidenced by
their high expression of NCAM PSA.
Such immature cells receive a predomi-
nant GABAergic input that is in fact ex-
citatory due to their relatively high in-
tracellular chloride content that is in
turn due to a high expression of Na+/K+/
2Cl� co-transporters (Plotkin et al. 1997;

Ge et al. 2006). Since GABA is excitatory in neural cells of the
inner dentate and inhibitory in mature granule neurons of the
outer dentate, it is perhaps not surprising that picrotoxin has
opposing actions in these neuronal subpopulations.

These studies reveal substantial alterations in NF-�B-
mediated transcription during the “equilibration” period in in
vitro hippocampal slices. These changes are time-, cell type-, and
GABAA receptor blockade-dependent. Thus, these variables will
significantly impact the outcome of studies on hippocampal syn-
aptic plasticity and, in particular, the effects of interventions that
signal through NF-�B, such as cytokines. Differences in the meth-
ods of slice preparation and “equilibration” conditions between
laboratories may represent a major contributory factor to the
plethora of discordant findings in this field of research. Further
study into the cellular processes occurring during slice “equili-
bration” may shed light on plasticity-related events necessary for
the expression of LTP and memory formation in the hippocam-
pus.

Materials and Methods

Hippocampal slice preparation
Post-natal day 28–32 male Wistar rats (50–75 g) were used
throughout this study and were obtained from the Biomedical
Facility, University College Dublin, Ireland. All experimental
procedures were approved by the Animal Research Ethics Com-
mittee of the Biomedical Facility at University College Dublin,
and were carried out by individuals who held the appropriate
license issued by the Minister for Health and Children. Animals
were anesthetized using isoflurane (Abbott Laboratories Ireland
Ltd.) and decapitated by guillotine. The brain was rapidly dis-
sected out and placed into ice-cold artificial cerebro-spinal fluid
(aCSF) bubbled with 95% O2 and 5% CO2 (aCSF composition:
120 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2.5 mM
KCl, 2 mM MgSO4·7H20, 2 mM CaCl2, and 10 mM D-Glucose).
Transverse hippocampal slices (400-µm) were cut from both

Figure 5. Influence of time and cell-type on NF-�B activity in the hippocampal slice preparation.
Data are mean � SEM relative nuclear:cytoplasmic NF-�B fluorescence intensity. Values significantly
different from Time 0-min slice (one-way ANOVA; P < 0.001) are indicated by an asterisk: (*) P-
value < 0.05, (***) P-value < 0.001. (CA1) CA1 pyramidal cells, (CA3) CA3 pyramidal cells.

NF-�B in hippocampal slices

529www.learnmem.org Learning & Memory



hemispheres using a vibroslice (Campden Instruments). Slices
corresponding to 0-min incubation time were immediately snap-
frozen following cutting. Subsequent hippocampal slices were
transferred to a submerged incubation chamber containing
bubbled aCSF at 32°C. They remained untreated and were al-
lowed to incubate for varying lengths of time post-cutting (i.e.,
30, 60, 90, and 120 min) before being snap frozen. This proce-
dure was carried out on three animals.

Hippocampal slices from another three rats were prepared in
the same fashion as just outlined. Three slices were left untreated
for 90 min, at which point 100 µM picrotoxin was added to the
bath. These slices were allowed to incubate in this solution of
picrotoxin and aCSF for a further 30 min before being snap fro-
zen. Time-matched controls were allowed to incubate untreated
for 120 min.

Slices were covered in OCT (optimal cutting temperature
compound, Agar UK) and snap frozen in n-hexane that had been
cooled to �80°C with compressed CO2.

Cryosectioning and immunofluorescence
of hippocampal slices
The frozen hippocampal slices were cryosectioned into 12-µm
thick sections that were adhered to glass slides coated with poly-
L-lysine. Sections were permeablized using a solution of 0.1%
Triton X in phosphate buffered saline (PBS) for 30 min. Following
this, sections were fixed in 70% ethanol for 30 min. The sections
were then incubated overnight (18 h) with the primary antibody
MAB3026 (Chemicon), which binds to an epitope overlapping
the nuclear location signal on the p65 subunit of the NF-�B het-
erodimer. Thus, it selectively binds to the activated form of NF-
�B. Following two 10-min washes in PBS, sections were incubated
for 3 h with an anti-mouse IgG secondary antibody labeled with
the fluorescent marker FITC. The secondary antibody was then
washed off and sections were dipped in propidium iodide (PI) for
5 sec in order to stain the nuclei red. A drop of Citifluor Glycerol
PBS solution (Agar Scientific) was used to mount each section
with a coverslip, and the slides were stored in darkness at 4°C.

Polysialylated neural cell adhesion molecule
(NCAM PSA) immunofluorescence
In order to demonstrate the clear difference in the plastic poten-
tial of cells of the inner and outer dentate gyrus, immunofluo-
rescent labeling of polysialylated neural cell adhesion molecule
(NCAM PSA)-positive cells of the hippocampus was also carried
out. Twelve-micrometer transverse sections from the medial hip-
pocampus (�5.6 mm with respect to Bregma) (Paxinos and Wat-
son 2005) were taken from a naïve post-natal day-30 rat whose
brain had been immediately fresh frozen in OCT following de-
capitation. Alternating sections were also stained for active NF-�B
as described above (see Fig. 1). Sections that were to be stained for
NCAM PSA were transferred directly to a solution of 70% ethanol
and fixed for 30 min. The staining protocol for NCAM PSA fol-
lowed the same steps as described for the NF-�B-labeling proce-
dure. The primary antibody used was anti-PSA (generous gift of
Prof. G. Rougon; Rougon et al. 1986), a mouse IgM monoclonal
antibody. An anti-mouse IgM secondary antibody conjugated
with FITC was used to detect NCAM PSA staining.

GFAP and NF-�B immunofluorescence
In order to highlight the differences in the levels of activated
NF-�B between CA3 pyramidal neurons and astroglial cells
within this region of the hippocampus, double-labeling of glial
fibrillary acidic protein (GFAP) and NF-�B was carried out.
Twelve-micrometer transverse sections from the medial hippo-
campus (�5.6 mm with respect to Bregma) were taken from a
naïve post-natal day-30 rat. Sections were double-labeled using
the same anti-NF-�B antibody as above and also a rabbit IgG
monoclonal anti-GFAP primary antibody (Sigma-Aldrich). An
anti-mouse FITC-conjugated secondary antibody was used to
bind to the NF-�B antibody, while an anti-mouse TRITC-
conjugated secondary antibody was used to label GFAP. Nuclei
were counterstained using Hoechst 33258 (Molecular Probes).

Confocal microscopy
Confocal images were taken using a 40�/0.8W water-dipping
lens (Zeiss Achroplan). Images were captured from three distinct
regions of the hippocampus, i.e., CA1, CA3, and the apex of the
dentate gyrus. The specific areas imaged were kept consistent
between sections (see Fig. 1). Three sections from each of three
rats were used for analysis. Each image was captured twice in a
time-series scan 30 sec apart, and the fluorescence intensities of
both scans were averaged.

Analysis of confocal images
Approximately 12–15 nuclei per image were randomly selected
for analysis. Using the confocal software package LSM Pascal, an
18-µm line was drawn across each nucleus (see Fig. 3). The length
of the line was kept consistent in order to automate the data
analysis. Fluorescence intensities for NF-�B and PI staining were

Figure 6. Influence of time on the protein level and phosphorylation
status of I�B� in the hippocampal slice preparation. (A) Representative
Western blot of the cytoplasmic protein fractions from whole hippocam-
pal slices that were homogenized either immediately after being cut with
the vibroslice (Time 0 min), or were homogenized following 120 min of
incubation in a standard aCSF solution at 32°C (Time 120 min). Each lane
is a pool of tissue from five 400-µm slices. (B) Densitometric analysis of
the I�B� protein band. Data are mean � SEM I�B� protein expression
relative to mean value at Time 0 min. (C) Levels of the phosphorylated
form of I�B�. Data are mean � SEM phospho-I�B� expression relative to
mean value at Time 0 min. Values significantly different from Time 0 min
(unpaired Student’s t-test, P < 0.05) are indicated by an asterisk: (*) P-
value < 0.05.
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obtained at each data point along the length of the line. In this
manner, nuclear NF-�B fluorescence intensities were measured as
well as the intensity of staining at a certain distance from the
nucleus. Taking Figure 3 as a typical example, we defined the
nuclear boundaries as 20% of the maximum PI fluorescence in-
tensity value for each and every individual cell analyzed. The
perinuclear region was taken to be that area falling 1 µm on
either side of the nuclear boundaries. Similarly, the cytoplasmic
regions were defined as the areas lying outside the perinuclear
boundaries.

Because of the very noticeable difference between the inten-
sity of nuclear NF-�B staining in the inner cell layer of the den-
tate gyrus (i.e., one to two cell layers thick) compared with the
rest of the dentate (i.e., outer layers), we decided to analyze these
cells as distinct and separate regions. Therefore, we analyzed four
distinct cell subpopulations of the hippocampus, i.e., CA1, CA3,
and the inner and outer dentate gyrus. For each region we cal-
culated the ratio of nuclear to cytoplasmic NF-�B activity. This
was achieved by calculating the average nuclear and average cy-
toplasmic fluorescence intensities for each cell. The ratio was
then calculated according to the formula:

Fn − Fc
Fc

,

where Fn = average nuclear fluorescence intensity, and
Fc = average cytoplasmic fluorescence intensity.

All results represent the mean values � SEM. One-way
ANOVAs were performed to compare differences between time-
points, and unpaired Student’s t-tests were used to compare differ-
ences between control and picrotoxin-treated hippocampal slices.

Cytosolic protein fractionation for Western blotting
Three post-natal day 28–32 male Wistar rats (50–75 g) were sac-
rificed as above. Five 400-µm transverse hippocampal slices were

cut from each hemisphere. The first five
slices were immediately transferred to a
submerged incubation chamber con-
taining aCSF at 32°C bubbled with 95%
O2 and 5% CO2 and were left to incubate
for 120 min. The next five slices from
the opposite hemisphere were separated
from the surrounding cortical tissue, and
the five whole hippocampi were imme-
diately homogenized on ice in 400 µL of
homogenization buffer (10 mM HEPES
buffered solution at pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5
mM PMSF, and a 1:100 dilution of a
phosphatase inhibitor cocktail [Sigma]
containing sodium orthovanadate, so-
dium molybdate, sodium tartate, and
imidazole). A dounce homogenizer was
used in order to keep the nuclei intact
and to obtain true cytosolic fractions of
protein. The homogenate was centri-
fuged at 100g for 3 min at 4°C to remove
any unhomogenized tissue and debris.
The supernatant was retained and the
pellet discarded. This sample was then
centrifuged at 13,500g for 10 min at 4°C.
Again, the homogenate was retained,
and this represented the cytosolic frac-
tion of the whole hippocampal slices.

After 120 min of incubation, the
five hippocampal slices cut from the first
hemisphere were separated from the sur-
rounding cortical tissue, and protein
samples were prepared from them in ex-
actly the same way as just described.

Determination of protein content
was conducted using the BCA Protein

Assay Kit protocol (Pierce). Standard curves of known protein
concentration were constructed using BSA as a standard. All pro-
tein samples were standardized to 1 µg/mL. Reducing SDS-PAGE
sample buffer (3� Blue loading buffer + 10% [v/v] dithiothreitol
[DTT]) was added to the protein samples. Samples were boiled for
10 min at 100°C to denature the proteins.

Western blotting
Protein samples were separated on a 10% SDS-PAGE separating
gel and 5% stacking gel using a minigel apparatus (10 cm � 15
cm � 1.5 mm, Bio-Rad). Eighteen microliters of sample was
added to each well, and the gel was run at 200 V. Densitometry
was performed on a Coomassie Brilliant Blue-stained gel (0.25%
[w/v] brilliant blue diluted in Destain [40% (v/v) methanol, 10%
(v/v) acetic acid]) using the software Scion Image and Gel Plot2
Macros. The volume of sample protein loaded was adjusted ac-
cordingly to ensure equal protein loading. The gel was run again
with the adjusted sample volumes and transferred onto a nitro-
cellulose membrane. Ponceau S staining was also carried out to
again ensure equal protein loading in the gel.

The nitrocellulose membrane was incubated for 1 h in
blocking buffer (1% Marvel in TBS-T at pH 7.4). The nitrocellu-
lose was then incubated overnight at 4°C with the primary anti-
body (1:5000 dilution), which was a rabbit affinity-purified poly-
clonal antibody targeted against a peptide on the N terminus of
I�B� (C-15, Santa Cruz Biotechnology). Excess primary antibody
was then washed off, and the nitrocellulose membrane was in-
cubated for 1 h at room temperature in a 1:4000 dilution of an
anti-rabbit polyclonal antibody conjugated to horseradish per-
oxidase (HRP) label. Western blots were developed using West-
Dura (Pierce) developer. Densitometry was performed on the
blots using Scion Image software. Results represent the
mean � SEM values, and unpaired Student’s t-tests were used to
compare differences between Time 0 min and Time 120 min
slices.

Figure 7. Influence of the GABAA receptor antagonist, picrotoxin (30 min; 100 µM) on NF-�B activity
in the hippocampal slice preparation. Data are mean � SEM relative nuclear:cytoplasmic NF-�B fluo-
rescence intensity. Values significantly different from aCSF control (unpaired Student’s t-test) are
indicated by an asterisk: (*) P-value < 0.05, (***) P-value < 0.001. (CA1) CA1 pyramidal cells, (CA3)
CA3 pyramidal cells.
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