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Remodeling of cortical connectivity is thought to allow initially
hippocampus-dependent memories to be expressed independently
of the hippocampus at remote time points. Consistent with this,
consolidation of a contextual fear memory is associated with den-
dritic spine growth in neurons of the anterior cingulate cortex
(aCQ). To directly test whether such cortical structural remodeling is
necessary for memory consolidation, we disrupted spine growth in
the aCC at different times following contextual fear conditioning
in mice. We took advantage of previous studies showing that the
transcription factor myocyte enhancer factor 2 (MEF2) negatively
regulates spinogenesis both in vitro and in vivo. We found that
increasing MEF2-dependent transcription in the aCC during a critical
posttraining window (but not at later time points) blocked both the
consolidation-associated dendritic spine growth and subsequent
memory expression. Together, these data strengthen the causal link
between cortical structural remodeling and memory consolidation
and, further, identify MEF2 as a key regulator of these processes.

structural plasticity | remote memory | viral vector

In experimental animals, damage to the hippocampus dispro-
portionately impacts recently acquired memories, with relative
sparing of remote memories (1-8). Such observations have led to
the idea that the hippocampus is transiently required for memory
expression, with remote memory expression being exclusively
dependent on the cortex (9). According to one model (10), post-
training hippocampal activity coordinates reactivation of memory
traces in the cortex. This reactivation leads to the remodeling of
cortical connections, allowing the memory to eventually be ex-
pressed independently of the hippocampus. A recent study in mice
(5) provided correlative evidence for posttraining remodeling of
neurons in the anterior cingulate cortex (aCC), a subregion of the
prefrontal cortex that plays an essential role in remote memory
expression (11). Increases in dendritic spine density on layer 2/3
pyramidal aCC neurons were observed 1 mo, but not 1 d, fol-
lowing contextual fear conditioning (5). As layer 2/3 pyramidal
neurons send and receive long-range cortical connections (12),
such changes may contribute to increased functional connectivity
between the aCC and other cortical areas important for remote
memory expression (13, 14). However, whether this increase in
aCC spine density is necessary for memory consolidation is not
known. To test this, it would be necessary to evaluate whether
preventing posttraining spinogenesis, specifically in this region,
disrupts memory consolidation.

The transcription factor myocyte enhancer factor 2 (MEF2)
negatively regulates spinogenesis in an activity-dependent man-
ner and therefore provides a tool to address this question. For
example, increasing MEF2 function decreases the number of
dendritic spines and excitatory synapses in vitro (15) and blocks
increases in spine density normally observed following repeated
cocaine administration in rat medium spiny nucleus accumbens
neurons in vivo (16). Accordingly, in our experiments, we used
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a viral vector-based strategy to increase MEF2 function in the
aCC at specific times following contextual fear conditioning. We
found that increasing MEF2-dependent transcription in layer 2/3
aCC neurons during the first (but not seventh) posttraining week
blocks both consolidation-associated structural changes in layer
2/3 aCC neurons and memory consolidation.

Results

Contextual Fear Memory Consolidation Is Associated with Time-
Dependent Spine Growth in the aCC. We first asked whether con-
solidation of a memory was accompanied by an increase in spine
density in aCC pyramidal neurons. We used a contextual fear
paradigm in which mice learn to associate a context with an
aversive stimulus, such as a mild footshock (SI Materials and
Methods). When placed back in the context, mice exhibit a range
of species-typical fear reactions, including freezing [the absence
of all movement except breathing (1)]. Contextual fear condi-
tioning offers a number of advantages that make it particularly
suitable for studying the role of structural plasticity in the aCC in
memory consolidation. First, training occurs in a single session
(rather than over several days). Second, this training produces
a durable memory [that can last as long as a lifetime (17)] and
can be quantified using automated procedures (18). Third,
lesions of the hippocampus impair expression of recent, but not
remote, contextual fear memories (1, 3, 4, 19). Conversely, in-
activation of the aCC impairs the expression of remote, but not
recent, contextual fear memories (11). In particular, these
studies provide direct evidence that the circuits supporting these
memories reorganize over time, and that remote memory ex-
pression depends, in part, on the aCC (9).

Mice were trained in contextual fear conditioning and tested
either 1, 8, 42, or 49 d later (Fig. 14). Freezing was equivalent at
all retention delays, indicating that this training protocol produces
robust, durable levels of conditioned fear (Fig. 1B). Consistent
with our previous report (5), we observed a time-dependent in-
crease in spine density on apical dendrites of layer 2/3 aCC neu-
rons (Fig. 1 C-F). This increase was limited to layer 2/3 pyramidal
neurons [which have long-range cortical connections (12)], as
similar changes were not observed in layer 5 aCC neurons [which
do not have long-range cortical connections (12)] (Fig. S1). Fur-
thermore, increases in spine density of layer 2/3 aCC pyramidal
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Fig. 1. Time-dependent increases in dendritic spine density in aCC pyramidal neurons following contextual fear conditioning. (4) Experimental design. (B)

Conditioned freezing in trained (T) mice was similar at all retention delays, and always greater than in control (C) mice (P < 0.001, by ANOVA). (C) Photo-
micrograph showing examples of Golgi-impregnated pyramidal neurons in the aCC. (Scale bar, 500 pm.) (D) Golgi-impregnated apical dendritic segments in
the aCC in trained and control mice at different retention delays. (Scale bar, 5 um.) (E) Cumulative frequency of spine density on apical dendrites in layer 2/3
aCC pyramidal neurons. Spine density was greater in trained (closed circles) versus control (open circles) mice 8, 42, and 49 d following training (P < 0.05, by
Kolmogorov-Smirnov test). (F) Spine density increased with retention delay in layer 2/3 aCC pyramidal neurons [P < 0.001, by ANOVA (significant delay

effect); spine density in trained mice was normalized with respect to controls]. These and subsequent graphs show means + SEM.

neurons were most pronounced during the first posttraining week
(i.e., day 1-8; P < 0.05, by Fisher’s protected least significant dif-
ference test) and plateaued thereafter (i.e., days 42-49; P > 0.05)
(Fig. 1F). Because memory reactivation is thought to drive struc-
tural changes underlying reorganization of cortical networks (20—
22), more pronounced increases in spine density shortly following
training are consistent with the idea that reactivation strength and
frequency decline over time (23). In our previous study, we showed
that such changes in spine density are independent of memory
recall (5). Therefore, together these data indicate that consolida-
tion of a contextual fear memory is associated with posttraining
remodeling of aCC layer 2/3 neurons, and the time course of these
structural changes parallels the emergent role of the aCC in the
expression of contextual fear memories (11).

Using a Viral Vector to Acutely Increase MEF2 Function in the aCC. To
increase MEF2-dependent transcription, we expressed MEF2-
VP16, a version of MEF2 in which the DNA binding and di-
merization domains are fused to the transcriptional activation
domain of the viral protein VP16 (15). MEF2-VP16 binds MEF2
sites within the promoter region of target genes and leads to their
constitutive transcription (15). Accordingly, we verified that this
MEF2-VP16 construct specifically increases MEF2-recognition
element (MRE)-dependent [but not cAMP-response element
(CRE)-dependent] transcription in a luciferase reporter assay in
cultured cells (Fig. 24).

To ensure that MEF2 is endogenously expressed in the aCC,
we next characterized the expression of MEF2 proteins in the
adult mouse brain using an antibody that recognizes the major
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MEF?2 isoforms expressed in the brain (MEF2A, MEF2C, and
MEF2D). Consistent with previous data (24), we confirmed that
MEEF?2 is highly expressed in the brain (Fig. 2B), including the
aCC (Fig. 2C). Furthermore, MEF2 was colocalized with the
neuronal marker NeuN (Fig. 2D), indicating that MEF2 ex-
pression is restricted to neurons.

To increase MEF2-dependent transcription only in the aCC
at specific times after training, we used a replication-defective
HSV vector-based approach (25). We chose HSV because, un-
like other vectors, HSV is neurotropic (25) and MEF2 is ex-
pressed exclusively in neurons. To visualize infected cells, our
HSV coexpressed GFP. Microinfusion of the MEF2 (HSV-
MEF2-VP16-GFP) or control (HSV-GFP) vector led to robust
transgene expression in ~5-7% of layer 2/3 pyramidal neurons
for up to 1 wk, declining thereafter (Fig. 2E and Fig. S2). Fur-
thermore, up-regulation of MEF2-dependent transcription was
not associated with a secondary inflammatory response (e.g.,
activated microglia; Fig. S3).

Increasing MEF2 Function in the aCC Disrupts Memory Consolidation
in a Time-Dependent Manner. As spine density on apical dendrites
of layer 2/3 aCC pyramidal neurons increased during the first,
but not the seventh, week following contextual fear conditioning
(Fig. 1F), we hypothesized that limiting spine growth shortly
following training (but not at later time points) would disrupt
memory consolidation. To test this, we trained mice in contex-
tual fear conditioning and microinfused the MEF2 or control
vector into the aCC either 1 or 42 d later. Seven days following
microinfusion, contextual fear memory was assessed by placing
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Fig. 2. Use of a viral vector to acutely increase MEF2 function in the aCC at specific times after training. (A) MEF2-VP16 robustly and selectively increases
MEF2-dependent transcription in cultured cells. Cells were cotransfected with (Left) MRE-luciferase or (Right) CRE-luciferase reporter plasmids and a control
(GFP) or MEF2-VP16 plasmid. MEF2-VP16 selectively increased MRE- (P < 0.01, by t test) but not CRE-dependent transcription. Importantly, control data show
that forskolin (FSK) increases CRE-mediated transcription (P < 0.001, by t test). Data are expressed as mean + SEM. (B) Sagittal sections from the adult mouse
brain stained for a nuclear marker (Hoechst; Top), a neuron-specific marker (NeuN; Middle), and MEF2 (Bottom), indicating that endogenous MEF2 proteins
are highly expressed in neurons throughout the adult brain. (Scale bar, 1 mm.) (C) Coronal sections stained for Hoechst, NeuN, and MEF2 in the aCC. (Scale
bar, 200 pm.) (D) High magnification of layer 2/3 pyramidal neurons in the aCC showing that endogenous MEF2 is expressed only in NeuN™ cells. (Scale bar,
50 um.) (E) Time course of transgene expression following microinfusion of MEF2 vector into the aCC. Robust, bilateral transgene expression was observed in
layer 2/3 pyramidal neurons in the aCC up to 1 wk postmicroinfusion, but not thereafter (see also Fig. S2 for quantification of data). (Scale bar, 1 mm.)

mice back in the context and measuring freezing behavior (Fig.
34). Only mice with robust, bilateral transgene expression in
aCC layer 2/3 pyramidal neurons were included in analyses (for
exclusion criteria, see Fig. S4 and SI Materials and Methods). We
found that increasing MEF2-dependent transcription in the aCC
during the first posttraining week reduced levels of contextual
fear. In contrast, increasing MEF2-dependent transcription in the
aCC during the seventh posttraining week had no effect on sub-
sequent memory expression. The differential effect of increasing
MEF?2 function at recent versus remote time points was confirmed
by a significant group x delay interaction [F(1,33) = 5.59; P <
0.05] (Fig. 3B). Importantly, spared conditioned freezing in the
remote group indicates that increasing MEF2-dependent tran-
scription in the aCC does not impact motor function (e.g., af-
fecting the ability to freeze) or emotion (e.g., changes in basal
levels of anxiety) that might nonspecifically reduce conditioned
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fear. In addition, mice microinfused with the MEF2 vector 1 d
after training exhibited reduced freezing when tested 48 d later
(Fig. S5), indicating that the memory deficits induced by in-
creasing MEF2-dependent transcription were persistent and did
not recover over time. Together, these results are consistent with
the idea that increasing MEF2-dependent transcription in the
aCC during a critical posttraining window inhibits the spinogenesis
that is required for memory consolidation.

Increasing MEF2 Function in the aCC Disrupts Spine Growth That
Accompanies Memory Consolidation in a Time-Dependent Manner.
To evaluate whether increasing MEF2-dependent transcription
interfered with training-induced spine growth during this critical,
early posttraining window, we next quantified spine density in
infected aCC pyramidal neurons in mice in the recent and remote
groups (Fig. 4 A-C). In the recent group, spine density was re-
duced in MEF2-infected neurons (relative to the control infected
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Fig. 3. Increasing MEF2 function in the aCC following training disrupts
consolidation of a contextual fear memory in a time-dependent manner. (A)
Experimental design. (B) Reduced freezing levels following MEF2 vector
microinfusion 1 d, but not 42 d, after training [P < 0.05, by ANOVA (signif-
icant group x delay interaction)].

neurons), indicating that increasing MEF2-dependent transcrip-
tion in aCC neurons during the first posttraining week blocks both
memory consolidation and associated increases in spine density.
In contrast, spine density was not altered in MEF2-infected neu-
rons in either the remote group (presumably when reactivation
levels have declined significantly) or in home-cage control mice
(Fig. S6). This indicates that increasing MEF2-dependent tran-
scription does not simply suppress or eliminate spines under basal
conditions (15, 16). The dissociable effects of increasing MEF2
function on spine density support the idea that MEF2 regulates
reactivation-driven changes in spine density within a defined
posttraining window.

Discussion

With time, the importance of the hippocampus in memory ex-
pression diminishes as a more permanent trace is established in
the cortex. This time-dependent reorganization process is thought
to depend on the remodeling of cortical connections allowing
the memory to be expressed independently of the hippocampus.
Here we tested whether inhibiting spine growth specifically in
the aCC at different times following training disrupted memory
consolidation. To inhibit spine growth, we used MEF2, a tran-
scription factor that has been shown to negatively regulate spine
growth both in vitro and in vivo (15, 16). We found that increasing
MEF2-dependent transcription in aCC neurons immediately
following training (but not thereafter) blocked both memory
consolidation and associated increases in spine density. Together,
these data strengthen the causal link between structural remod-
eling in the aCC and memory consolidation and, further, identify
MEF?2 as a key regulator of the molecular machinery mediating
these changes.

Our finding that increasing MEF2-dependent transcription
inhibits spine growth normally associated with consolidation of a
fear memory is consistent with reports showing that several
MEF2 target genes encode proteins that weaken excitatory syn-
aptic transmission. For instance, genome-wide analysis of de-
veloping neurons (26) identified MEF2 target genes that (i)
decrease surface AMPAR expression [arc,JNK, SynGAP (27-31)],
(if) uncouple mGIuRS5 from its effector targets in the postsynaptic
density and reduce the amplitude of AMPAR- and NMDAR-
mediated excitatory postsynaptic currents [Homerla (32-34)], (iii)
internalize N-cadherin, a synaptic adhesion molecule implicated
in synaptic transmission [PCDH (protocadherin) family members,
including protocadherins 9, 10, and 17 (35)], and (iv) decrease
neuronal excitability [voltage-gated K* channels (including kcnal
and kcna4) (36-38)]. Therefore, increasing MEF2-dependent
transcription may orchestrate a coordinated increase in expression
of genes that suppress excitatory synapse function.

In our experiments, increasing MEF2 function just in the aCC
was sufficient to interfere with the formation of enduring con-
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Fig. 4. Increasing MEF2 function in the aCC following training disrupts
consolidation-associated changes in spine density in a time-dependent
manner. (A) Examples of apical dendritic segments from control and MEF2-
infected neurons at different retention delays. (Scale bar, 5 pm.) (B and C)
Cumulative frequency plots (B) and group data (C) showing spine density in
aCC neurons infected with MEF2 or control vectors either 1 or 42 d following
conditioning. Spine density was reduced in MEF2-infected neurons 1 d, but
not 42 d, after training (P < 0.01, by Kolmogorov-Smirnov test).

textual fear memories. Previous studies suggest that the aCC
plays an increasingly important role in the expression of con-
textual fear (as well as other, initially hippocampus-dependent)
memories over time (6, 9, 39-41). For example, the aCC is ac-
tivated following remote, but not recent, contextual fear memory
recall (11). Also, inactivating the aCC disrupts the expression of
remote, but not recent, contextual fear memory (11). Although
structural remodeling likely occurs in other cortical regions,
these data suggest that the aCC is an essential node within a
broader network supporting expression of remote memory.
Such time-dependent changes in dendritic spine density in aCC
neurons may reflect consolidation-associated modification of
functional connections between the aCC and other cortical (13,
14) and subcortical [e.g., amygdala (42)] regions.

Memory reactivation is thought to drive structural changes
necessary for the consolidation of memories in cortical networks
(20-22). Consistent with this model, interfering with memory
reactivation disrupts memory consolidation (20, 21). Similarly,
here we have shown that interfering with spine growth in the
week following training (but not at a later time point) disrupted
memory consolidation. The time-limited nature of these effects
is consistent with observations that (i) the most pronounced
increases in spine density occur during the first posttraining
week, and (ii) memory reactivation strength and frequency de-
cline over time (23).
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Materials and Methods

Quantification of Spine Density in aCC Pyramidal Neurons Following Contextual
Fear Conditioning. Mice were trained in contextual fear conditioning and then
tested 1 (trained, n = 6; control, n = 6), 8 (trained, n = 5; control, n = 4), 42
(trained, n = 11; control, n = 11), or 49 (trained, n = 6; control, n = 5) d later
(for a detailed description of apparatus and behavioral procedures, see S/
Materials and Methods). Following testing, their brains were removed and
prepared for Golgi-Cox staining. Golgi-impregnated neurons in layer 2/3 and
layer 5 of the aCC were first identified using a light microscope. For each
neuron, spine density was quantified along five randomly selected segments
on secondary and tertiary branches of apical dendrites. Segments were at
least 20 pm in length. Only protuberances with a clear connection of the
head of the spine to the shaft of the dendrite were counted as spines (see S/
Materials and Methods for further details).

Immunohistochemistry. To characterize endogenous MEF2 expression in the
adult mouse brain, naive mice were perfused transcardially with PBS and
paraformaldehyde. Sections were cut and then incubated with primary
antibodies against MEF2 and neuron-specific nuclear protein (NeuN). Alexa-
488 goat anti-mouse and Alexa-568 goat anti-rabbit were used as secondary
antibodies (for detailed procedures, see S/ Materials and Methods).

Luciferase Reporter Assays. To verify that our MEF2-VP16 construct specifically
increases MRE-dependent (but not CRE-dependent) transcription, we used
a luciferase reporter assay in Neuro2A cells. Cells were transiently transfected
with either MEF2-VP16 or control (GFP) constructs and an MRE- or CRE-luciferase
reporter plasmid. Luciferase expression was assessed 48 h later (for detailed
procedures, see S| Materials and Methods).
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HSV Vectors. To locally increase MEF2 function in the aCC at different times
following fear conditioning, we used replication-defective HSV. The MEF2-
VP16 construct was subcloned into an HSV amplicon backbone (pHSV-prPUC).
Transgene expression was regulated by the constitutive promoter for the HSV
immediate-early gene IE 4/5. This vector also expressed GFP to allow infected
neurons to be visualized. A control vector similarly expressed GFP alone.
Microinfusion of the MEF2 (HSV-MEF2-VP16-GFP) or control (HSV-GFP) vec-
tor produced robust transgene expression in layer 2/3 aCC pyramidal neu-
rons (for more details, see S/ Materials and Methods).

Examination of the Effects of Increasing MEF2 Function on Consolidation of a
Contextual Fear Memory. Mice were trained in contextual fear conditioning.
Either 1 or 42 d later, mice were microinfused with the control (1d, n=11; 42
d, n=14) or MEF2 (1 d, n=11; 42 d, n = 17) vector into the aCC (for detailed
behavioral and surgical procedures, see S/ Materials and Methods). One
week later, mice were placed back in the context and freezing was mea-
sured. Following testing, brains were removed and spine density of infected
neurons was quantified in layer 2/3 aCC neurons using native GFP fluores-
cence. For each neuron, spine density was quantified along five randomly
selected segments on secondary and tertiary branches of apical dendrites
(segments > 20 pm in length) (for detailed procedures, see SI Materials
and Methods).
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