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Summary
Subiculum, which is the primary efferent pathway of hippocampus, participates in memory for spatial
tasks, relapse to drug abuse, and temporal lobe seizures. Subicular pyramidal neurons exhibit low-
threshold burst firing driven by a spike after-depolarization. Here we report that burst firing can be
regulated by stimulation of afferents projections to subiculum. Unlike synaptic plasticity in these and
other neurons, burst plasticity did not require synaptic depolarization, activation of AMPA or NMDA
receptors, or action potential firing. Rather, enhancement of burst firing required synergistic
activation of group I, subtype 1 metabotropic glutamate receptors (mGluRs) and muscarinic
acetylcholine receptors (mAChR). When either of these receptors was blocked, a suppression of
bursting was revealed, which in turn was blocked by antagonists of group I, subtype 5 mGluRs. These
results indicate that the output of subiculum can be strongly and bidirectionally regulated by
activation of glutamatergic inputs within the hippocampus and cholinergic afferents from the medial
septum.
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Introduction
Synaptic plasticity is a leading candidate for the cellular mechanism underlying learning and
memory (Martin et al., 2000), but a role for non-synaptic plasticity has also been suggested
(Daoudal and Debanne, 2003; Zhang and Linden, 2003). Non-synaptic plasticity generally
involves the regulation of extra-synaptically localized ligand- or voltage-gated conductances
and, compared to synaptic plasticity, represents a more global change in the excitability of a
neuron. Unlike synaptic plasticity, the conditions required to induce non-synaptic plasticity
are relatively poorly understood. An important issue in this regard is whether the requirements
for non-synaptic plasticity parallel those of synaptic plasticity or differ substantially. Resolving
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this issue will help to determine whether synaptic and non-synaptic plasticity are likely to occur
in concert or under separate conditions.

Much of the work on synaptic plasticity has been performed in the hippocampus, an area well
known for its role in spatial memory tasks in rodents and declarative memory in humans. A
functionally important subregion is subiculum, because it serves as the major output pathway
of hippocampus. Subicular efferents target a variety of cortical and subcortical areas, including
prefrontal cortex (Jay and Witter, 1991), nucleus accumbens (Lopes da Silva et al., 1984), and
hypothalamus (Kishi et al., 2000). This divergent output makes subiculum an integral
component in networks underlying diverse functions and behaviors, such as regulation of the
hypothalamic-pituitary axis (O’Mara, 2005) and memory for spatial tasks (O’Mara et al.,
2001). Additionally, dysregulation of subicular function has been implicated in pathological
conditions such as epilepsy (Cohen et al., 2002; Harris and Stewart, 2001) and drug addiction
(Cooper et al., 2003; Robbins and Everitt, 2002; Sun and Rebec, 2003).

The majority of pyramidal neurons in subiculum respond to brief depolarization just above
threshold with a high frequency cluster (> 100 Hz) of 2–3 action potentials (a burst). In vitro,
burst firing does not require strong correlated synaptic input (Staff et al., 2000), but rather
depends on activation of voltage-gated Ca2+ conductances by a Na+-dependent action potential.
The resulting Ca2+ tail current, largely mediated by R-type channels, leads to an after-
depolarization (ADP) that can drive burst firing. The ADP, as well as burst firing, can be limited
by other conductances, including slow Ca2+-activated K+ currents (Jung et al., 2001; Staff et
al., 2000). Because intrinsic conductances determine this pattern of neuronal output, their
modulation can result in robust and distinct changes in burst firing, which therefore provides
a good model system for the study of non-synaptic plasticity.

We used whole-cell current-clamp recordings to examine whether synaptic and non-synaptic
properties of subicular pyramidal cells can be regulated in an activity-dependent manner. We
describe a novel form of bidirectional plasticity, independent of synaptic plasticity, that resulted
in altered levels of burst firing in these neurons (burst plasticity). The direction of this change
depended on the receptor types activated during the induction stimulus. Enhancement of burst
firing did not require synaptic depolarization, activation of AMPA or NMDA receptors, or
action potential firing, but rather depended on synergistic activation of group I, subtype 1
mGluR (mGluR1) and mAChR. When the enhancement of burst firing was blocked, a separate
process led to suppression of burst firing, mediated by synaptic activation of group I, subtype
5 mGluR (mGluR5). These results support the idea that, separate from synaptic changes,
distinct mechanisms can lead to alterations in intrinsic conductances that significantly alter
neuronal integration and output.

Results
Theta-burst stimulation induces synaptic and non-synaptic plasticity in subiculum

Synaptic and non-synaptic responses were assessed using whole-cell current-clamp recordings
in burst-firing pyramidal neurons of subiculum. Theta-burst stimulation (TBS; see
Experimental Procedures), which resembles the activity patterns observed during
hippocampus-dependent learning tasks in vivo (Buzsaki, 2005; Hasselmo, 2005), was used to
induce plasticity of neuronal excitability.

Excitatory postsynaptic potentials (EPSPs) were recorded during low-frequency stimulation
of afferents from CA1 and entorhinal cortex. After measuring EPSPs for a 10-minute baseline
period, 3 seconds of TBS (Fig. 1B) were delivered to these same afferents. As expected based
on previous work (Commins et al., 1998;O’Mara et al., 2000), TBS resulted in long-term
potentiation of EPSPs under control conditions, but not when NMDA receptor blockers (50
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μM D-AP5 and 20 μM MK-801) were present in the bathing medium (Sup. Fig. 1; Sup. Table
1).

Additionally, neuronal output was monitored by a train of 10 brief, suprathreshold somatic
current injections (see Experimental Procedures; Fig. 1A, C). Current injections at the
beginning of the train elicit burst responses while those later in the train elicit single action
potentials (Cooper et al., 2005). During somatic current injection, neuronal output is
determined only by activation of intrinsic conductances gated by voltage and/or calcium.
Therefore, a change in the number of bursts can be used as a measure of non-synaptic plasticity
caused by changes in postsynaptic excitability.

Interestingly, TBS increased the number of burst responses elicited by the train of somatic
current injections (Figs. 1 and 2A; see Sup. Figs. 2–4 for example traces recorded during
induction). This enhancement of burst firing (non-synaptic plasticity) developed more
gradually than potentiation of EPSPs (synaptic plasticity) and, unlike the synaptic plasticity,
was not blocked by NMDA receptor blockers (Fig. 2B; Sup. Table 1). Furthermore, there was
no correlation between the magnitude of the synaptic and non-synaptic plasticity (linear
regression, R2=0.06, p=0.61; data not shown). However, both types of plasticity required TBS
(induction), as neither developed over time when the TBS was not delivered (no induction;
Figs. 2A, Sup. Fig. 1; Sup. Table 1).

In both the induction and no-induction groups, inhibitory neurotransmission was blocked by
the inclusion of GABAA and GABAB receptor blockers (2 μM SR95531 and 3 μM CGP52432,
respectively). To test whether enhancement of burst firing can be induced when inhibitory
neurotransmission is intact, a more physiologically relevant condition, we delivered TBS in
standard solution (no GABA receptor blockers). A comparable increase in burst firing was
observed in these experiments, demonstrating that the induction of enhanced burst firing is not
mediated by inhibitory neurotransmission (Fig 2C). In all subsequent experiments, we included
GABAA and GABAB receptor blockers in order to isolate the effects of excitatory synaptic
transmission.

Enhancement of burst firing requires synaptic activation, but not synaptic depolarization or
action potential firing

In a variety of brain regions, including cortex, cerebellum, and hippocampus, synaptic and non-
synaptic plasticity have been shown to require postsynaptic depolarization (Daoudal and
Debanne, 2003). Physiologically, this depolarization can be achieved by action potential firing
(Christie et al., 1996; Magee and Johnston, 1997), synaptic activation (Golding et al., 2002;
Holthoff et al., 2004), or both. We investigated whether these sources of depolarization were
necessary for the induction of enhanced burst firing by separating the induction stimulus (TBS)
into its synaptic and action-potential components.

The necessity for synaptic activation was tested by somatically injecting current at 5 Hz for 3
seconds in the absence of synaptic stimulation. This action potential-only stimulus did not
induce increased burst firing (Fig. 3A; Sup. Table 1), indicating a requirement beyond simple
postsynaptic depolarization mediated by somatic action potential firing.

To test the necessity for action potential firing, axonal afferents were stimulated in the theta-
burst pattern (5 synaptic pulses at 100 Hz paired, repeated at 5 Hz, for 3 s) while the soma was
voltage-clamped at −72 mV. Experiments were divided into two groups based on whether
action potential firing was eliminated, as evidenced by the lack of visually identifiable escape
spikes during the recording (no escape spikes, n=9; escape spikes, n=4). Synaptic stimulation
during somatic voltage clamp resulted in enhancement of burst firing regardless of whether
escapes spikes were observed (Fig. 3B). This increase was indistinguishable from that observed
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in the control induction group (p=0.49, two-factor repeated measures ANOVA; Sup. Table 1),
demonstrating that somatic action potential firing is not necessary for the induction of burst
firing enhancement.

Taken together, the results from these two experiments suggest that synaptic activation is
required for induction of enhanced burst firing, while action potential firing is neither necessary
nor sufficient. However, it is likely that dendritic depolarization was incompletely limited
during the voltage-clamp experiments. Therefore, to determine whether dendritic
depolarization is required for the induction of burst firing enhancement, experiments were
performed in the presence of blockers of ionotropic glutamate receptors (iGluRs; 20 μM
CNQX, 50 μM D-AP5, and 20 μM MK-801). In these experiments, the somatically recorded
voltage during TBS was limited to a maximum of two millivolts (average 1.0 ± 0.4 mV; range
0.4 – 2.0 mV) and no action potentials were triggered. Despite this very limited depolarization,
burst firing enhancement was induced, comparable to that observed in control conditions (Fig.
3C; Sup. Table 1).

Synergistic activation of mGluR1 and mAChR is required for enhanced burst firing
A likely explanation for the requirement of synaptic activation, but not AMPA or NMDA-
receptor mediated depolarization, is that metabotropic (G-protein coupled) receptors are
involved in the induction of burst firing enhancement. We tested the necessity for metabotropic
receptor activation by performing experiments in the presence of antagonists for mGluRs and
mAChRs.

Application of an mGluR1 antagonist (LY367385, 25 μM) blocked the TBS-induced increase
in burst firing and instead revealed a significant decrease in burst firing (Fig. 4A; Sup. Table
1). In contrast, an mGluR5 antagonist (MPEP, 10 μM) did not block the synaptically induced
enhancement of burst firing (Fig. 4B; Sup. Table 1). A general mAChR antagonist (atropine,
10 μM) blocked the enhancement but revealed a suppression of burst firing (Fig. 4C; Sup.
Table 1). Together, these results suggest burst firing is bidirectionally regulated via two
competing processes: synaptic activation of mGluR1 and mAChR is required to induce an
increase in burst firing, while mGluR5 activation may be involved in mediating a decrease in
burst firing.

Three models could explain the results of our experiments with mGluR1, mGluR5, and mAChR
antagonists (Fig. 5A). In the first model, the actions of the three receptor types are independent,
with the mGluR5-mediated decrease dominating when either the mGluR1 or the mAChR-
mediated enhancement is blocked. In the second model, either mAChR or mGluR1 exerts a
modulatory effect on the activity of the other receptors, influencing the magnitude of the
observed change in burst firing. In the third model, mGluR1 and mAChR act synergistically
to produce an enhancement of burst firing that dominates an mGluR5-mediated decrease. To
distinguish between these models, we tested the effects of combinations of antagonists for these
receptors.

We found that blocking mGluR5 along with either mGluR1 or mAChR resulted in neither an
increase nor a decrease in burst firing (Fig. 5B, C). Theses experiments rule out both the
independent-action model and the modulation model, as both models predict that either
mGluR1 or mAChR, acting on its own, should result in enhanced burst firing when the
mGluR5-mediated decrease is blocked. The only model consistent with these experimental
results is the one in which both mGluR1 and mAChR must be activated to produce a synergistic
effect leading to enhancement of burst firing.

To test whether mGluR1 and mAChR activation are sufficient to induce an increase in burst
firing, we bath applied agonists for these receptors instead of using TBS as the induction
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stimulus (Fig. 6). Because subtype-specific agonists for mGluR1 and mGluR5 do not exist, we
used the general group I mGluR agonist DHPG (2 μM) in addition to the general mAChR
agonist carbachol (2 μM). A transient increase in the ADP was observed during agonist
application, which served as a positive control (Sup. Fig. 4). After washout of the agonists, no
lasting change in burst firing was observed (Fig. 6A). DHPG activates both mGluR1 and
mGluR5; therefore, this result may reflect the competition between an mGluR1/mAChR-
mediated increase and an mGluR5-mediated decrease. We therefore applied DHPG and
carbachol in the presence of the mGluR5 antagonist MPEP (10 μM), which resulted in a lasting
increase in burst firing (Fig. 6B), consistent with a model in which synergistic activation of
mGluR1 and mAChRs is sufficient to induce an enhancement of burst firing.

Group I mGluRs and mAChRs are members of the G-protein-coupled receptor superfamily
and both couple to phospholipase C (PLC) activation via the stimulatory subunit Gqα. To test
the involvement of PLC in an intracellular signaling cascade leading to the induction of burst
firing enhancement, a PLC inhibitor (U-73122, 25 μM) was bath-applied to the slice. Under
this condition, the increase in burst firing was blocked, and a suppression of burst firing was
revealed (Fig. 7A), suggesting that mGluR1 and/or mAChRs act via a PLC-dependent pathway
to result in burst firing enhancement. Furthermore, these data argue that PLC activation is not
required for the mGluR5-mediated suppression of burst firing.

PLC catalyzes the breakdown of phosphotidylinositol 4,5-bisphosphate (PIP2) in the cellular
membrane into two reaction products: diacylglycerol (DAG), which remains membrane bound,
and inositol-1,4,5-triphosphate (IP3), which diffuses through the cytosol. IP3 activates IP3
receptors on the endoplasmic reticulum, causing release of Ca2+ from internal stores. To test
the requirement of this Ca2+ release in the induction of burst firing enhancement, we depleted
internal stores by including a Ca2+-ATPase inhibitor (thapsigargin, 2 μM) in the internal
recording solution. When TBS was applied in the presence of the Ca2+-ATPase inhibitor, no
increase in burst firing was induced (Fig. 7B, red circles). As a control, we recorded burst firing
in the absence of TBS and observed no time-dependent effects of the Ca2+-ATPase inhibitor
on burst firing (Fig. 7B, black squares). This demonstrates that stimulus-evoked release of
Ca2+ from internal stores is required for the induction of burst firing enhancement.

To determine whether intracellular Ca2+ elevation is required for the induction of burst firing
enhancement, we included a fast Ca2+ chelator (BAPTA, 10 mM) in the internal solution. When
TBS was applied in the presence of the Ca2+ chelator, no enhancement of burst firing was
observed (Fig. 7C, red circles), suggesting that elevation of intracellular Ca2+ is required for
induction. We also performed control experiments in which burst firing was monitored in the
absence of TBS to ensure that there were no time-dependent effects of recording with the
Ca2+ chelator (Fig. 7C, black squares). In addition to a lack of burst firing enhancement in the
Ca2+-ATPase inhibitor and the Ca2+ chelator experiments, no decrease in burst firing was
observed suggesting further that induction of burst firing suppression may depend on a rise in
intracellular Ca2+ concentration, perhaps through release from internal stores.

The results of all experimental manipulations are summarized in Fig. 8. Groups are color-coded
according to one of four conditions: 1. Black - no synaptic activation during induction; 2. Green
- synaptic activation during induction, resulting in an enhancement of burst firing; 3. Red -
synaptic activation during induction, resulting in a suppression of burst firing; and 4. Gray -
synaptic activation during induction, resulting in no change in burst firing.

One difficulty in understanding the mechanisms responsible for the modulation of bursting is
that small changes in action potential threshold and passive membrane properties, which occur
in all long-term whole-cell recordings, can contribute to changes in burst firing. We therefore
carried out a detailed analysis of these factors across all of our experimental groups and found

Moore et al. Page 5

Neuron. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that all groups exhibited a decrease in action potential threshold and an increase in the response
to a small subthreshold current injection (Sup. Fig. 5). These changes were greatest for
experimental conditions that enhanced burst firing compared to conditions that produced a
decrease or no change in burst firing. However, a careful analysis of these changes suggests
that they account only partially for the observed plasticity (see Sup. Fig. 5 legend for details).
These results suggest that the ion channels altered to produce plasticity of burst firing include
those activated below threshold (thus affecting the action potential threshold and responses
below it) as well as channels activated above threshold, following firing of the action potential.

Theta-burst stimulation increases neuronal excitability in response to a noisy stimulus
To determine the effect of TBS on neuronal excitability in response to an irregular stimulus, a
noisy current injection (see Experimental Procedures) was used to evoke action potential firing
(Sup. Fig. 6). One effect of TBS was to increase the overall number of action potentials evoked.
For example, in some cases a previously subthreshold current injection subsequently reached
threshold for an action potential. Bursts, which constituted the majority of events, did not
increase in number but the number of action potentials per burst increased. Thus, in response
to an irregular, noisy stimulus the TBS-induced increase in neuronal excitability was expressed
both as a global increase in the probability of reaching threshold for action potential firing as
well as an increase in the strength of burst firing. The difference in the way in which burst
firing was enhanced with this stimulus compared to the train of 10 EPSC-like current injections
is likely due to the nature of the stimulus used to evoke firing. EPSC-like current injections
are very brief and largely over by the time of the second action potential in a burst. In contrast,
during the longer “noisy” current injection, there is still positive current being injected during
the burst, making additional action potentials more likely. Thus, the effect of activity-
dependent plasticity of intrinsic excitability can be manifested as either an increase in burst
firing or an overall increase in the number of action potentials, depending on the nature of the
stimulus activating the firing.

Discussion
The results of these experiments suggest that theta-burst patterned synaptic stimulation, which
mimics hippocampal activity during exploratory activity in vivo, induces a long-term change
in the firing of intrinsically bursting pyramidal neurons in the subiculum. This form of plasticity
is robust, with the number of bursts nearly doubling for at least tens of minutes following a
three-second period of theta-burst stimulation. The enhancement of burst firing requires
synaptic activation of mGluRs and mAChRs, but does not require activation of AMPA or
NMDA-type glutamate receptors, synaptic depolarization, or action potential firing. When
mGluR1 or mAChRs are blocked, an activity-dependent suppression of burst firing is observed,
which requires activation of mGluR5. Because bursts are not synaptically driven in these
experiments, but are elicited by direct somatic current injection, the observed increases and
decreases in burst firing must be caused by alterations in voltage- and/or calcium-activated
conductances. Therefore, these experiments demonstrate a powerful form of long-term,
activity-dependent, bidirectional plasticity of intrinsic firing in pyramidal neurons of
subiculum.

In vivo, the change in action potential firing resulting from this increase or decrease in
excitability will depend on the nature of the synaptic input driving firing. Repeated synchronous
inputs will result in more bursting, while inputs of lower amplitude and frequency are likely
to result in enhanced spiking through an increase in the number of isolated spikes and more
spikes occurring within bursts. A decrease in excitability is likely to occur in vivo when
hippocampal activity is present in the absence of cholinergic activation via the medial septum.
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Thus, the septal cholinergic system may serve as a cellular switch between conditions favorable
to the induction of burst-firing enhancement or suppression.

Comparison to other forms of non-synaptic plasticity
The burst plasticity we describe here differs markedly from other types of non-synaptic
plasticity reported in the literature. Bliss and Lomo’s (1973) initial report of activity-dependent
changes in synaptic strength also noted an increase in the amplitude of the population spike
that was larger than what could be accounted for simply by the increase in EPSP amplitude.
Although a reduction of feed-forward inhibition may account for some of this effect (Abraham
et al., 1987; Chevaleyre and Castillo, 2003; Staff and Spruston, 2003), there is also some
evidence to suggest that alterations in intrinsic excitability also contribute this increased firing
probability, referred to as EPSP-to-spike (E-S) potentiation (Chavez-Noriega et al., 1990; Hess
and Gustafsson, 1990; Jester et al., 1995). A recent report (Campanac and Debanne, 2008)
demonstrated that changes in E-S coupling of CA1 pyramidal cells that occur in parallel with
spike timing-dependent synaptic plasticity, even in the presence of GABAergic antagonists.
The burst plasticity we describe here differs from E-S potentiation in two important respects:
first, it is mediated solely by changes in excitability, and second, it occurs via mechanisms
quite distinct from those required for the induction of LTP following the same stimulus.

Several other forms of plasticity of intrinsic excitability have been reported. In cell culture,
chronic isolation of neurons from excitatory or inhibitory inputs can up- or down-regulate
excitability, respectively (Turrigiano and Nelson, 2004). More rapid induction of non-synaptic
plasticity has also been demonstrated. In acute cerebellar slices, high-frequency synaptic
stimulation resulted in an increase in the number of action potentials elicited by a depolarizing
current step (Aizenman and Linden, 2000). In hippocampal slices, direct depolarization and
synaptic stimulation of CA1 pyramidal cells produce local changes in the intrinsic excitability
of stimulated dendritic regions (Frick et al., 2004; van Welie et al., 2004). In one study,
depolarization combined with cholinergic activation, via the agonist carbachol, induced an
increase in the voltage and Ca2+ signal produced by distinct dendritic branches (Losonczy et
al., 2008). Another previous study showed that an increase in excitability mediated by
downregulation of the after-hyperpolarization (AHP) in CA1 pyramidal neurons requires co-
activation of glutamatergic and β-adrenergic receptors (Gereau and Conn, 1994). In vivo,
hippocampus-dependent trace eye-blink conditioning results in reduction of the AHP of CA1
neurons, which is permissive for learning the task (Moyer et al., 1996). Intriguingly, this effect
is enhanced by upregulation of cholinergic innervation (Disterhoft and Oh, 2003). These
examples illustrate that plasticity of intrinsic excitability is likely to be a widespread and
functionally important phenomenon in the nervous system.

Comparison to synaptic plasticity
A number of features suggest that burst plasticity is distinct from synaptic plasticity in
subiculum. First, the time course of development for burst plasticity is slower than that of
synaptic plasticity. Second, synaptic plasticity is blocked by NMDA receptor blockers, but
burst plasticity is not. Third, the requirement for synaptic depolarization and/or action potential
firing, which have been well documented for many forms of synaptic plasticity (Golding et al.,
2001; Gustafsson et al., 1987; Kelso et al., 1986), is absent for burst plasticity. Rather, the
induction of enhanced burst firing requires synergistic activation of at least two metabotropic
receptor types (mGluR1 and mAChRs). The plasticity induction paradigm used in these
experiments, when no pharmacological manipulations are present, results in both increased
synaptic strength and increased non-synaptic excitability. However, there are likely other
induction protocols in vitro and behavioral states in vivo where activity-dependent synaptic
and non-synaptic plasticity may interact in more complex ways to modulate subicular output.
For example, hippocampal activity in the absence of medial septal activation could lead to
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suppression of burst firing. Thus, burst plasticity provides an additional mechanism,
complementary to synaptic plasticity, by which subicular pyramidal neurons can modify their
properties and influence adaptive behaviors contributing to learning and memory.

Signal transduction mechanisms for induction of burst plasticity
The lack of a requirement for depolarization, fast synaptic neurotransmission, or action
potential firing led to the hypothesis that the induction of burst plasticity depends on activation
of metabotropic receptors. Indeed, mGluR1, mGluR5, and mAChRs all have roles in the
induction of bidirectional burst plasticity. The data are consistent with a model in which
activation of both mGluR1 and mAChR is required to enhance burst firing, while mGluR5
activation produces a decrease in burst firing. When all three receptor types are activated, the
enhancement dominates the suppression, but when either mGluR1 or mAChR are blocked, the
mGluR5-mediated decrease in burst firing is dominant. These results suggest that a synergistic
action of mGluR1 and mAChR is required to override the effects of mGluR5 and produce an
enhancement of burst firing.

Several scenarios could underlie the requirement for synergistic activation of mGluR1 and
mAChRs in the induction of enhanced burst firing. One possibility is that presynaptic receptors
for one transmitter may affect the release of the other. For example, activation of mGluR1
receptors on cholinergic terminals may be required to permit or promote release of
acetylcholine (ACh) during induction, which leads to the enhancement of burst firing.
Postsynaptically, these receptor subtypes may also interact in complex ways. For example,
different metabotropic receptors have been shown to form heteromeric complexes (Enz,
2007). In particular, heteromeric interactions of adenosine or GABAB receptors with mGluR1
have been reported to regulate transmembrane currents (Ciruela et al., 2001; Tabata et al.,
2007). Another possibility is that each receptor subtype is coupled to separate signaling
pathways, both of which are required to induce plasticity, or that different subcellular locations
of these receptor subtypes recruit signaling pathways in specific neuronal compartments. For
example, the actions of mGluR1 and mAChRs have been shown to activate extracellular signal-
regulated kinase (ERK) in different cellular compartments (Berkeley et al., 2001).
Alternatively, activation of postsynaptic mGluR1 and mAChRs may converge on a common
intracellular signaling pathway to produce a higher level of a critical second messenger. A
prediction of such a mechanism is that sufficiently high levels of glutamate or acetylcholine
(ACh) may produce comparable effects on burst firing, even in the absence of synergism. Thus,
burst plasticity may require activation of CA1 and/or EC (leading to glutamate release in the
subiculum) in addition to activation of the medial septum to stimulate release of ACh, or may
be induced when one region is very strongly activated.

Activation of mGluR1 and mAChRs may be sufficient to induce burst plasticity, or may be
necessary but not sufficient. Experiments in which agonist application (DHPG to activate group
I mGluRs and carbachol to activate mAChRs) was substituted for TBS during induction begin
to address this question. Under these conditions, an increase in burst firing was observed,
provided that mGluR5 was blocked. This result is consistent with the idea that mGluR1 and
mAChRs are sufficient for burst firing enhancement, but it does not rule out a role for other
receptors under physiological conditions in vivo, because agonist application does not
completely mimic synaptic activation. In evidence of this, when TBS was used as the induction
stimulus, mGluR1, mGluR5, and mAChRs were all activated, and an increase in burst firing
was observed. Following bath-applied agonists activating each of these receptors, however, no
long-term changes in burst firing were observed (compare Figs. 2A and 6A). This may reflect
additional requirements, besides mGluR5 activation, to cause a suppression of burst firing, or
may be due to the differences in location, concentration, or duration of agonist application
compared to synaptic stimulation.
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It is possible that synaptic activation is required to release glutamate, but not ACh, and that
basal levels of ACh are sufficient to induce burst plasticity (or, vice versa, that stimulation is
required to release ACh, but that basal levels of glutamate are sufficient to induce burst
plasticity). This question is difficult to address because, in hippocampal slices, an extracellular
stimulating electrode is likely to recruit both glutamatergic and cholinergic release. Antagonists
of either receptor block the effects of stimulated neurotransmission, but also block the effects
of basal levels of the neurotransmitter, with no method available to distinguish between the
two.

Activation of group I mGluRs and some mAChRs (specifically M1, M3, and M5) releases the
Gqα subunit, which in turn activates PLC, producing two second messengers: DAG and IP3.
These can directly activate ion channels or cause Ca2+ release from intracellular stores.
Additionally, they may activate protein kinases such as protein kinase C (PKC) and
extracellular signal-regulated kinase (ERK), which have been shown to play critical roles in
synaptic plasticity. Other signal transduction mechanisms may also be involved since
activation of mGluR1 and mGluR5, which are both coupled to Gqα and PLC, did not have
equivalent roles in the induction of burst plasticity. Indeed, it is somewhat surprising that the
enhancement of burst firing depends on mGluR1 activation, as immunohistological studies
show no or very little staining for mGluR1 in CA1 or subiculum, while mGluR5 is abundantly
expressed (Fotuhi et al., 1994; Shigemoto et al., 1997). Nevertheless, there are a number of
electrophysiological studies that report mGluR1-mediated effects in CA1 pyramidal neurons
that are distinct from those observed when mGluR5 is activated alone (Volk et al., 2006;
Chaouloff et al., 2007).

Candidate mechanisms for the expression of burst plasticity
An important question is which conductances are altered to produce the observed changes in
burst firing. Our analysis of the bursting responses before and after TBS (not shown) has
yielded few clues as to the nature of the affected conductances, so further work will be required
to address this question. Possible candidates that should be considered include voltage-gated
Ca2+ conductances that drive the ADP following spikes (Metz et al., 2005; Su et al., 2001),
voltage-gated Na+ conductances that drive spiking and may also affect the ADP (Azouz et al.,
1996), and voltage- and/or Ca2+-activated K+ channels that may affect spiking, the ADP, and
the slow after hyperpolarization (AHP) following bursts (Jung et al., 2001; Metz et al., 2007;
Rhoades and Gross, 1994; Staff et al., 2000; Yue and Yaari, 2004). Other types of channels,
such as Ca2+-activated non-specific cation channels, including members of the TRP channel
family, are also possible candidates. In addition to simple up- or down-regulation of these
channel types, shifts in properties such as slow inactivation of Na+ channels, which has been
shown to affect repetitive burst firing in the subiculum (Cooper et al., 2005), must also be
considered.

Functional significance of burst plasticity
Burst firing has been observed in a variety of brain regions and has been posited to play a
number of roles. At central nervous system synapses, bursts of two action potentials increase
the probability of release per event from 10–50% to over 90% (Lisman, 1997; Stevens and
Wang, 1995). Therefore, upregulation of burst firing may represent a relative increase in the
strength of a particularly important or salient stimulus, allowing activity to propagate more
reliably through the network. Hippocampal sharp-wave bursts are associated with the transition
between neocortical down- and up-states (Battaglia et al., 2004), thought to be related to the
transition between quiescence and alertness, and can also drive down-to-up state transitions in
the nucleus accumbens (Lape and Dani, 2004). In this context, an increase in burst firing in
subiculum may be important in driving transitions between operational states of downstream
target regions, particularly because subiculum is the major output of hippocampus. In addition,
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bursts from place cells in hippocampus provide a more accurate spatial map than all firing
considered together (Muller et al., 1987). Likewise, bursts in visual cortex provide more
information about the stimulus than do single action potentials (Cattaneo et al., 1981;
Livingstone et al., 1996). Thus, increased burst firing may help to refine cortical maps by
strongly, but selectively, activating particular neuronal connections.

Regulation of burst firing may also be important in learning and memory. Increased burst firing
in presynaptic neurons increases postsynaptic responsiveness of synaptically connected cells.
Increased burst firing in postsynaptic neurons contributes further dendritic and somatic
depolarization. Both these changes could result in an increase in correlated activity, which may
be a crucial feature contributing to Hebbian synaptic plasticity. Indeed, postsynaptic bursting
has been shown to enhance long-lasting synaptic plasticity, such as long-term potentiation
(Pike et al., 1999; Wittenberg and Wang, 2006). The requirement for cholinergic activation
suggests that increases in burst firing (or decreases owing to local, glutamatergic activity in
the absence of extrinsic cholinergic activity) could influence memory formation, consolidation,
or retrieval, as cholinergic activation is well known to influence learning in vivo (Disterhoft et
al., 1999; Gold, 2003; Power et al., 2003).

On the other hand, abnormal upregulation of burst firing may contribute to diseases that
manifest as hyperexcitability. In acute brain slices from normal rats, seizure-like events were
initiated in subiculum, and maintained even when disconnected from the CA and EC regions
(Behr and Heinemann, 1996; Dreier and Heinemann, 1991). In rat models of epilepsy, this type
of activity in subiculum can spread to other structures, including CA1 and the EC (Benini and
Avoli, 2005; Kemppainen et al., 2002). Tissue from human patients with temporal lobe epilepsy
also demonstrated spontaneous electrical activity initiated in subiculum, as well as synaptic
and cellular changes associated with increased spontaneous activity (Cohen et al., 2002; Wozny
et al., 2005). Therefore, activity-dependent increases in burst firing, such as those demonstrated
here, although likely to contribute to the normal function of subiculum, may also increase
susceptibility to seizure-like activity and influence the propagation of seizure activity to other
areas.

Taken together, these results demonstrate a novel form of intrinsic plasticity, distinct from
synaptic plasticity, in burst firing neurons of subiculum. The ability to increase or decrease
burst firing in response to physiologically relevant activity patterns may represent a
complementary cellular mechanism for the recognition, coding, and storage of hippocampally
important stimuli.

Experimental Procedures
Animals

Male Wistar rats, aged 25–45 days, were used for all experiments. Animals were colony housed
on a 12-hour light/dark cycle with free access to food and water. All animal procedures were
approved by the Northwestern University Animal Care and Use Committee.

Solutions
Artificial cerebrospinal fluid (ACSF) consisted of (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3,
1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, and 25 dextrose (Fisher Scientific, Pittsburgh, PA). The pH
of the ACSF was 7.2–7.4 and the osmolarity was 305–320 mOsm. ACSF was always
oxygenated by constant bubbling with a gas mixture of 95% O2/5% CO2. Internal recording
solution consisted of: 115 K-gluconate, 20 KCl, 10 sodium phosphocreatine (Na2-Pcr), 10
HEPES, 2 MgATP, and 0.3 NaGTP with 0.10% biocytin for subsequent determination of
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morphology (all Sigma-Aldrich, St. Louis, MO, except KCl and HEPES, Fisher Scientific). 1
M KOH was used to pH the internal solution to 7.3–7.4. The osmolarity was 272–290 mosM.

Unless otherwise indicated, ACSF used to perfuse slices in the recording chamberincluded 2
μM SR95531, a γ-aminobutyric acid (GABA)A blocker (Sigma-Aldrich), and 3 μM
CGP52432, a GABAB antagonist (Tocris-Cookson, Bristol, UK). Where noted, one of the
following antagonists or combinations of antagonists (Sigma-Aldrich unless otherwise
indicated) was also included in the perfusion ACSF and present for the entire duration of
recording: 1. N-methyl-D-aspartate (NMDA) receptor blockers: 50 μM D-2-amino-5-
phosphonopentanoate (D-AP5) and 20 μM MK-801; 2. ionotropic glutamate (iGluR) receptor
blockers: 20 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 50 μM D-AP5, and 20 μM
MK-801; 3. mGluR antagonists: 25 μM LY367385, an antagonist of mGluR1, and/or 10 μM
2-methyl-6-(phenylethynyl)-pyridine (MPEP), an antagonist of mGluR5 (both Tocris-
Cookson); 4. an mAChR antagonist: 10 μM atropine (in some experiments, in combination
with 10 μM MPEP); 5. a phospholipase C (PLC) inhibitor: 25 μM U-73122 (Tocris-Cookson).
In some experiments, additional drugs were added to the intracellular recording solution: either
10 mM 1,2-bis(2-aminophenoxy)ethane N,N,N,N-tetraacetic acid (BAPTA; Sigma-Aldrich),
a Ca2+ chelator, or 2 μM thapsigargin (Tocris-Cookson), which depletes intracellular Ca2+

stores in the endoplasmic reticulum by inhibiting Ca2+-ATPases. To allow time for the
intracellular stores to be depleted, cells were exposed to thapsigargin for at least 30 minutes
before the induction stimulus was given.

Slice preparation and experimental setup
Rats were anesthetized with halothane, intracardially perfused with ice-cold ACSF for less
than 1 min, then decapitated and the brains rapidly removed. Transverse hippocampal slices,
300 μm thick, were made with a Vibratome 3000 (Ted Pella, Inc., Redding CA), transferred
to a storage chamber, and incubated at 32–35°C for 20–30 min. Afterwards, the chamber was
maintained at room temperature.

Prior to electrophysiological recordings, slices were transferred to a submerged chamber and
maintained at 32–35 °C by constant perfusion of warmed ACSF, at a rate of approximately 1
mL/s. A Zeiss Axioskop (Oberkochen, Germany) equipped with differential interference
contrast (DIC) optics was used in conjunction with a Hamamatsu camera system to visually
identify subicular pyramidal cells. Subiculum was distinguished from bordering regions by the
diffuse distribution of pyramidal cells, compared to the tightly packed pyramidal cell layer of
CA1, and the lack of distinct cortical layers seen in entorhinal cortex. Recording pipettes were
fabricated (Flaming/Brown Micropipette Puller, Sutter Instruments, Novato, CA) from thick-
walled borosilicate capillary glass (Garner Glass Company, ID = 1.2 ± 0.05 mm, OD = 2.0 ±
0.05 mm) and filled with the K-gluconate-based internal solution to obtain a 3–5 MΩ open-tip
resistance in the bath. A motorized micromanipulator (Sutter Instruments) was used to position
the recording pipette and whole-cell configuration was achieved by mouth suction.

To evoke synaptic responses, an extracellular stimulating pipette, fabricated from borosilicate
theta glass (Sutter Instruments) was filled with ACSF and placed 50–200 μm away from the
site of the whole-cell recording on the apical dendritic side of the soma. In all cases, it is likely
that CA1 and entorhinal cortex afferents were jointly recruited and contributed to the synaptic
response.

Electrophysiological recordings
Whole-cell current-clamp recordings were made through via a silver chloride-coated electrode
connected to an amplifier (Dagan BVC-700, Minneapolis, MN). Only cells that had a resting
potential between −56 mV and −70 mV at break-in were used. Experiments were restricted to
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burst-firing neurons, which were defined as those that exhibited two or more action potentials
with an instantaneous frequency of greater than 100 Hz in response to a just-above threshold,
long (600 ms) square pulse.

Neuronal output was monitored once every 20 seconds (0.05 Hz) by using a train of 10 somatic
EPSC-like (τrise = 0.2 ms, τdecay = 6 ms) current injections to evoke action potential firing (Fig.
1). The frequency (5 Hz, n=38; 7 Hz, n=43; or 10 Hz, n=17) and amplitude (800 pA – 2400
pA) of somatic current injections were set such that, for each train, 2–7 responses were bursts
(while the remaining responses were single action potentials). In all cases, burst firing occurred
mostly at the beginning of the train and single action potentials occurred toward the end of the
train.

Synaptic strength (EPSP amplitude) and subthreshold voltage response (an index of passive
membrane properties) were also monitored once every 20 seconds. The synaptic stimulus (0.2
ms square current pulse through the extracellular bipolar electrode; Axon stimulus isolator)
was set to elicit EPSPs of 1–6 mV. Subthreshold responses were monitored with EPSC-like
somatic current injections (8% of burst-monitoring amplitude). In some neurons, a
hyperpolarizing square current injection (5% of burst-monitoring amplitude, 500 ms) was used
to monitor input resistance.

In one set of experiments, a more physiologically realistic stimulus (noisy current injection)
was used to evoke action potential firing. The noisy current was obtained by depolarizing the
cell to just below action potential threshold and recording spontaneous membrane potential
fluctuations. A scaled version of this trace was then injected back into the cell as a current wave
form.

Except where noted, the induction stimulus (TBS) consisted of theta-burst-patterned synaptic
activation (5 stimuli at 100 Hz) paired with somatic current injection (2 ms square current pulse
at the burst-monitoring amplitude), repeated at 5 Hz for 3 seconds (Fig. 1). The induction
stimulus was given approximately 30 minutes after whole-cell configuration was achieved
(average: 30 ± 1 min.; range: 11 – 76 min.). There was no difference in the time of induction
relative to break-in across groups (p=0.57, one-factor ANOVA). In one set of experiments, the
induction stimulus consisted of 10-minute bath application of agonists (2 μM DHPG to activate
group I mGluR and 2 μM carbachol to activate mAChR) rather than TBS. In some of these
experiments, a specific mGluR5 antagonist (MPEP, 10 μM) was included in perfusion ACSF
for the entire duration of the recording. An increase (several mV) in the size of the ADP
following a burst was taken as a positive control for the presence of the agonists in the bath.

All neurons were held at membrane potentials between −63 mV and −67 mV for the duration
of the recordings (except in voltage-clamp experiments when, during the induction stimulus
only, cells were held at −72 mV). Cells that required more than 250 pA of current to maintain
these potentials were excluded from the data set. There were no statistically significant
differences in membrane potential between experimental groups over time (p=0.76, two-factor
ANOVA; Sup. Table 1). Bridge balance and capacitance compensation were monitored and
adjusted throughout the duration of each experiment; recordings in which the series resistance
exceeded 50 MΩ were excluded. Cells were generally recorded from for a total of 50–70
minutes, but, in some cases, were held up to 100 minutes.

Data acquisition and statistical analysis
Voltage responses were filtered at 5 kHz, digitized at 50 kHz, and stored via an ITC-16 analog-
to-digital converter (Instrutech, Port Washington, NY) on a Dell Dimension PC. All acquisition
and analysis procedures were custom programmed in IGOR Pro (Wavemetrics, Lake Oswego,
OR). Statistical analyses of group data were performed using paired, two-tailed Student’s t-
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tests, or one- or two-factor repeated measures ANOVA, where appropriate, with Prism
software (GraphPad Software, Inc., San Diego, CA). Asterisks indicate a significant effect of
time, repeated measures ANOVA: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
When a significant main effect was detected with ANOVA tests, Bonferroni’s post-hoc
correction was applied to determine significance between pairwise comparisons. Unless stated
otherwise, reported values are mean ± s.e.m. of data collected 30–40 minutes after the induction
stimulus was given, or comparable time points in the agonist-induction and no-induction
groups. Normalized values are plotted as a percentage of the value during the baseline.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental protocol used to study plasticity of excitability in subicular pyramidal
neurons
Scale bars in A apply to A–C and are 20 mV and 100 ms (A, C) or 150 ms (B). Inset scale bars
in A apply to all insets in A and C and are 20 mV and 10 ms.
A. Voltage trace (top) from a representative subicular pyramidal neuron illustrating the
response to synaptic stimulation (middle) followed by somatic current injection (bottom).
Somatic current injection consisted of a train of 10 EPSC-like pulses. Hash marks indicate a
500 ms waiting period between the end of the synaptic stimulation and the beginning of the
train. Dots above the voltage trace signify burst responses. Insets show a magnified view of
responses to the 1st, 6th, and 10th current injections. B. Voltage trace (top) recorded during TBS
(induction). TBS consisted of 5 synaptic pulses at 100 Hz (middle) paired with 1 somatic current
injection (bottom), repeated at 5 Hz for 3 s. C. Voltage trace (top) from the same neuron in
response to the same stimuli as in A, 30 minutes after TBS.
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Figure 2. TBS results in an enhancement of burst firing that does not require NMDA or GABA
receptor activation
For all representative-experiment graphs (left column), small open circles (black) indicate the
number of burst firing responses evoked by a train of 10 EPSC-like somatic current injections.
The train was delivered every 20 seconds. Large open circles (red) represent the average
number of burst firing responses per train for each 10-minute period. Error bars are ± standard
deviation. For all group-data graphs (right column), filled symbols represent the average
number of burst firing responses per train for each 10-minute period. Error bars are ± s.e.m.
For all graphs, dotted lines indicate the average number of burst firing responses per train for
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the 10-minute baseline period. Arrows indicate when TBS (induction) was given. Asterisks
indicate a significant effect of time, repeated measures ANOVA.
A. Representative (left) and group (right, red circles; n=10) data from experiments in which
TBS was given in control conditions. Group data (right, black squares; n=9) are also shown
for experiments in which no TBS was given. B. Representative (left) and group (right; n=8)
data from experiments in which TBS was given in the presence of NMDA receptor blockers
(50 μM D-AP5 and 20 μM MK-801) C. Representative (left) and group (right; n=8) data from
experiments in which TBS was given in the absence of GABA receptor blockers.
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Figure 3. Synaptic stimulation alone is sufficient to induce an enhancement of burst firing
Layout is as described for Fig. 2.
A. Representative (left) and group (right; n=18) data from experiments in which the induction
stimulus consisted only of somatic current injections to evoke action potential firing. B.
Representative (left) and group (right) data from experiments in which the induction stimulus
consisted of synaptic stimulation during somatic voltage clamp (at −72 mV). In the group data,
red circles indicate experiments in which somatic voltage clamp was effective at preventing
action potential firing (n=9); blue triangles indicate experiments in which escape spikes were
observed (n=4). C. Representative (left) and group (right; n=4) data from experiments in which
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TBS was given in the presence of ionotropic glutamate receptor (iGluR) blockers (20 μM
CNQX, 50 μM D-AP5, and 20 μM MK-801).
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Figure 4. Activation of metabotropic glutamate or acetylcholine receptors results in differential
induction of burst plasticity
Layout is as described for Fig. 2.
A. Representative (left) and group (right; n=9) data from experiments in which TBS was given
in the presence of a specific mGluR1 antagonist (25 μM LY367385). B. Representative (left)
and group (right; n=5) data from experiments in which TBS was given in the presence of a
specific mGluR5 antagonist (10μM MPEP). C. Representative (left) and group (right; n=6)
data from experiments in which TBS was given in the presence of an mAChR antagonist (10
μM atropine).
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Figure 5. Synergistic activation of mGluR1 and mAChRs is required for enhancement of burst
firing while activation of mGluR5 mediates suppression of burst firing
A. Three models for the effects of metabotropic receptor activation on burst firing. A1. The
first model that accounts for the effects of mGluR1, mGluR5, and mAChR on the induction
of burst plasticity is based on the results of pharmacological experiments with metabotropic
receptor antagonists (see Fig. 4). In Model 1, each receptor has an independent effect on burst
firing: mGluR1 is necessary for an increase (because when blocked, a suppression of burst
firing is observed), mGluR5 is necessary for a decrease (because when blocked, an
enhancement of burst firing is observed), and mAChRs are necessary for an increase (because
when blocked, a suppression of burst firing is observed). A prediction of Model 1 is that when
both mGluR1 and mGluR5 are blocked, an increase in burst firing would be observed, mediated
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by mAChR activation alone. However, under these conditions (see panel B below) cells
displayed no change in burst firing, demonstrating that this model does not account for the
experimental results. A2. Model 2 proposes that mAChR or mGluR1 has a modulatory effect
on the other two receptors, enhancing an mGluR1 (or mAChR) -mediated increase or inhibiting
an mGluR5-mediated decrease in burst firing (or both). A prediction of Model 2 is that when
mGluR5 is blocked with either mGluR1 or mAChR, an increase in burst firing would be
observed due to the action of mAChR or mGluR1 alone. However, no change in burst firing
was observed in these conditions (see panels B and C), demonstrating that this model can not
account for the observed plasticity. A3. A third possiblitiy is that both mGluR1 and mAChR
must be activated together to induce an enhancement of burst firing (and mGluR5 activation
alone leads to a suppression). Model 3 predicts that when mGluR5 is blocked in combination
with either mGluR1 or mAChR, no increase in burst firing should be observed. These
predictions are consistent with the observed results. B. Representative (left) and group (right;
n=8) data from experiments in which TBS was given in the presence of a specific mGluR1
antagonist (LY367385, 25 μM) and a specific mGluR5 antagonist (MPEP, 10 μM). For the
representative-experiment graph, small open circles (black) indicate the number of burst firing
responses evoked by a train of 10 EPSC-like somatic current injections. The train was delivered
every 20 seconds. Large open circles (red) represent the average number of burst firing
responses per train for each 10-minute period. Error bars are ± standard deviation. For the
group-data graph, filled symbols represent the average number of burst firing responses per
train for each 10-minute period. Error bars are ± s.e.m. For both graphs, dotted lines indicate
the average number of burst firing responses per train for the 10-minute baseline period. Arrows
indicate when TBS (induction) was given. C. Representative (left) and group (right; n=6) data
from experiments in which TBS was given in the presence of an mAChR antagonist (atropine,
10 μM) and a specific mGluR5 antagonist (MPEP, 10 μM). Layout is as described in B.
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Figure 6. Activation of mGluR1 and mAChR are sufficient to induce an enhancement of burst
firing
Layout is as described for Fig. 2. The blue bar indicates the time during which the group I
mGluR agonist (DHPG, 2 μM) and mAChR agonist (carbachol, 2 μM) were washed into and
out of the bath.
A. Representative (left) and group (right; n=6) data from experiments in which bath application
of agonists (DHPG + carbachol) was used as the induction stimulus. B. Representative (left)
and group (right; n=6) data from experiments in which bath application of agonists (DHPG +
carbachol) in the presence of the mGluR5 antagonist (MPEP, 10 μM) was used as the induction
stimulus. Note that MPEP was present before, during, and after wash in and wash out of
agonists.
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Figure 7. Enhancement of burst firing requires PLC activation, release of Ca2+ from internal stores,
and an increase in intracellular Ca2+ concentration
Layout is as described for Fig. 2.
A. Representative (left) and group (right; n=8) data from experiments in which TBS was given
in the presence of a PLC inhibitor (U-73122, 25 μM). B. Representative (left) and group
(right) data from experiments in which the internal recording solution contained the Ca2+-
ATPase inhibitor thapsigargin (2 μM). In the group data, red circles indicate experiments in
which TBS was given (n=6). Group data are also shown for experiments in which no TBS was
given (right, black squares; n=6). C. Representative (left) and group (right) data from
experiments in which the internal recording solution contained the Ca2+ chelator (BAPTA, 10
mM). In the group data, red circles indicate experiments in which TBS was given (n=5). Group
data are also shown for experiments in which no TBS was given (right, black squares; n=5).
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Figure 8. Summary of burst firing plasticity under different experimental conditions
Normalized burst firing (the average number of burst firing responses per train at 30–40 minutes
post-induction as a fraction of the average number of burst firing responses per train in the 10-
minute period before induction, or comparable time points in the no-induction group) is shown
for each experimental condition. Bar are color-coded according to one of four conditions: 1.
Black - no synaptic activation during induction, 2. Green - synaptic activation during induction,
resulting in an enhancement of burst firing; 3. Red - synaptic activation during induction,
resulting in a suppression of burst firing; and 4. Gray - synaptic activation during induction,
resulting in no change in burst firing. Numbers at the bottom of the bars indicate n for that
group. The dotted line indicates no change in the number of burst firing responses compared
to the baseline period (100% of baseline).
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