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A variety of neurotransmitters are responsible for regulating neural activity during different behavioral states. Unique responses to
combinations of neurotransmitters provide a powerful mechanism by which neural networks could be differentially activated during a
broad range of behaviors. Here, we show, using whole-cell recordings in rat hippocampal slices, that group I metabotropic glutamate
receptors (mGluRs) and muscarinic acetylcholine receptors (mAChRs) synergistically increase the excitability of hippocampal CA1
pyramidal neurons by converting the post-burst afterhyperpolarization to an afterdepolarization via a rapidly reversible upregulation of
Cav2.3 R-type calcium channels. Coactivation of mAChRs and mGluRs also induced a long-lasting enhancement of the responses medi-
ated by each receptor type. These results suggest that cooperative signaling via mAChRs and group I mGluRs could provide a mechanism
by which cognitive processes may be modulated by conjoint activation of two separate neurotransmitter systems.

Introduction
Acetylcholine (ACh) and glutamate (Glu) act as neuromodula-
tors to change neural information processing in a variety of ways
(Blokland, 1995; Anwyl, 1999; Power et al., 2003; Riedel et al.,
2003; Hasselmo, 2006). Muscarinic acetylcholine receptors
(mAChRs) and metabotropic glutamate receptors (mGluRs)
play important roles in cognitive function, because dysfunction
of mAChR and mGluR signaling has been implicated in the
pathophysiology of many neurological disorders (Bear et al.,
2004; Lee et al., 2004; Ure et al., 2006; Wess et al., 2007). In the
hippocampus, ACh and Glu are critically involved in higher brain
functions, including learning and memory, but the cellular
mechanisms by which these neurotransmitters act are only par-
tially understood and the mechanisms by which they might in-
teract are unexplored (Anwyl, 1999).

In general, the two classes of neuromodulatory mechanisms
are modulation of synaptic transmission and modulation of neu-
ronal excitability (Giocomo and Hasselmo, 2007). Among the
many effects of activation of mAChRs and mGluRs, the modula-
tion of neuronal excitability has a direct effect on the response of
cortical pyramidal neurons to excitatory synaptic input. As with
synaptic plasticity, the modulation of excitability can be affected

by multiple cellular mechanisms, including changes in the after-
hyperpolarization (AHP) after action potentials (APs) (Benardo
and Prince, 1982; Greene et al., 1992; Kawasaki et al., 1999;
McQuiston and Madison, 1999; Ireland and Abraham, 2002;
Young et al., 2004).

The effects of Glu on the modulation of excitability are com-
monly mediated by group I mGluRs, which are coupled to Gq/11-
proteins. Their stimulation triggers phospholipase C (PLC)
activation, mobilization of intracellular Ca 2�, and ultimately
modulation of multiple types of ion channels (Pin and Duvoisin,
1995; Anwyl, 1999). We recently demonstrated that activation of
group I mGluRs eliminated the post-burst AHP and produced an
afterdepolarization (ADP) through upregulation of Cav2.3
R-type calcium channels (Park et al., 2010). Although multiple
studies have reported that activation of mAChRs also induces
changes in the AHP, resulting in enhanced excitability (Benardo
and Prince, 1982; Cole and Nicoll, 1984a,b; McCormick and
Prince, 1986; Kawasaki et al., 1999; McQuiston and Madison,
1999; Lawrence et al., 2006), it is poorly understood which recep-
tor subtypes, signaling mechanisms, and ion channels are respon-
sible for the mAChR-mediated modulation of excitability,
particularly in hippocampal CA1 pyramidal neurons. Because
these modulatory systems play a vital role in hippocampus-
dependent functions, we investigated the effects of activating
mAChRs and group I mGluRs on the excitability of hippocampal
CA1 pyramidal neurons and sought to reveal the underlying
mechanisms for the effects.

We report here that activation of either mAChRs or group I
mGluRs using moderate concentrations of agonists or synaptic
stimulation results in the conversion of the post-burst AHP into
a post-burst ADP. Furthermore, when both receptor types are
activated concurrently, these different groups of modulatory sys-
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tems act synergistically to evoke a robust
post-burst ADP, as well as a long-lasting
enhancement of the ADP, providing a
mechanism by which combined activa-
tion of two modulatory systems can coop-
eratively alter the integrative properties of
the neuron.

Materials and Methods
Slice preparation and maintenance. All experi-
ments were conducted in accordance with a pro-
tocol approved by the Animal Care and Use
Committee of Northwestern University. Trans-
verse hippocampal slices, 300 �m thick, were
prepared from male Wistar rats (25–35 d old)
and from either wild-type (C57BL/6J) or
Cav2.3 knock-out (22–28 d old) male mice us-
ing standard procedures (Park et al., 2010).
Animals were deeply anesthetized with halo-
thane or isoflurane, perfused intracardially
with ice-cold artificial CSF (ACSF), and decap-
itated. The brain was then removed rapidly and
attached to the stage of a vibrating tissue slicer
(Vibratome). Slices were prepared in ice-cold
oxygenated ACSF and then allowed to recover
for 0.5 h at �35°C in a chamber filled with
oxygenated ACSF. The slice chamber was sub-
sequently maintained at room temperature,
and individual slices were transferred to a sub-
merged chamber in which it was perfused with
ACSF (33 � 2°C) at the rate of 2–3 ml/min.
Normal ACSF had the following composition
(in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25
NaH2PO4, 1 MgCl2, 2 CaCl2, and 25 dextrose.

Electrophysiology. Whole-cell current-clamp recordings were made
using patch-clamp electrodes pulled from borosilicate glass (1.5 mm
outer diameter) and filled with intracellular solution containing the
following: 115 mM K-gluconate, 20 mM KCl, 10 mM Na2-phospho-
creatine, 10 mM HEPES, 2 mM MgATP, 0.3 mM NaGTP, and 0.1%
biocytin. Electrode resistance in the bath was 3–5 M�, and series
resistance during the recordings was 5–20 M�. Recordings were ob-
tained with Dagan BVC-700 amplifiers, using appropriate bridge bal-
ance and electrode-capacitance compensation. The membrane
potential was held at �65 mV, which required very small current
injections (less than �50 pA).

Synaptic stimuli. To test whether synaptic activation could induce the
post-burst ADP, five APs were elicited by brief somatic current injections, either
with or without concurrent synaptic stimulation. Responses were monitored
onceevery5min(unlessotherwiseindicated)witha1mindelaybetweenthetwo
conditions. In all groups, experiments were performed in the presence of
blockers of ionotropic glutamate receptors (30 �M CNQX and 50 �M D-AP-5
to block AMPA and NMDA receptors, respectively) and GABA receptors
(2 �M SR95531 [2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)
pyridazinium bromide] and 1 �M CGP55845 [(2S)-3-[[(1S)-1-(3,4-
dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmethyl)phos-
phinic acid hydrochloride] to block GABAA and GABAB receptors, respec-
tively). Bipolar theta glass electrodes filled with ACSF were used in conjunc-
tion with a Dagan BSI-950 biphasic stimulus isolator. Stimulating electrodes
were placed in proximal stratum radiatum at least 100 �m away from the
recorded cell toward CA3. Stimulus intensity was set to produce a 3–6 mV
ADP during synaptic stimulation (2–10 mA output).

Analysis. Data acquisition and analysis procedures were custom pro-
grammed in Igor Pro (Wavemetrics). Throughout, reported values are
mean � SEM of data. Statistical tests included the paired or unpaired t
test and ANOVA with Tukey’s post hoc comparisons. All statistical anal-
yses were performed using Prism 4 software (GraphPad Software). In
most experiments, the amplitude of the post-burst potential was quanti-
fied at a fixed time, corresponding to the peak of the AHP in normal

ACSF (58 � 3 ms after cessation of current injection; n � 27). Effects
were quantified by the change in the post-burst potential (i.e., � post-
burst potential � ADP in agonists or with synaptic stimulation � AHP in
baseline) at this time point in the response.

Pharmacology. Most drugs were added to the bathing solution. In some
experiments, however, drugs were added to the intracellular solution [1,2-
bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid tetrapotassium
salt (BAPTA), guanosine 5�-[�-thio]diphosphate trilithium salt (GDP-�-
S)]. For BAPTA-containing internal solution, the K-gluconate concentra-
tion was reduced to 100 mM. The following drugs were obtained from Tocris
Bioscience: (S)-3,5-dihydroxyphenylglycine (DHPG), LY367385 [(S)-(�)-�-
amino-4-carboxy-2-methylbenzeneacetic acid], 2-methyl-6-(phenylethynyl)-
pyridinehydrochloride(MPEP), D-AP-5,CNQXdisodiumsalt,U73122(1-[6[[
(17�)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1H-pyrrole-2,
5-dione), McN-A 343 (McN-A), 4-diphenylacetoxy-N-methylpiperidine
methiodide (4-DAMP), cyclopiazonic acid (CPA), and CGP55845. Car-
bamoylcholine chloride (CCH), oxotremorine M (Oxo), 1,2-bis(2-
aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid tetrapotassium salt
(BAPTA), serotonin hydrochloride (5-HT), (R)(�)-1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane hydrochloride (DOI), L-(�)-noradrenaline
(�)-bitartrate salt monohydrate, methoxamine hydrochloride (MTX),
pirenzepine dihydrochloride (PZ), methoctramine hydrate (MCT), tropic-
amide (Trop), guanosine 5�-[�-thio]diphosphate trilithium salt (GDP-�-
S), nickel(II) chloride hexahydrate (Ni2�), SR95531, atropine, dextrose,
K-gluconate, sodium phosphocreatine, HEPES, MgATP, NaGTP, and bio-
cytin were purchased from Sigma-Aldrich.

Mathematical model. The mathematical model of synergistic activa-
tion of the ADP was produced using hypothetical concentration–re-
sponse curves generated using the Hill equation:

E � 	A
n/�Kn � 	A
n�,

where E is the of the effector signal (in arbitrary units), [A] is the con-
centration of agonist, n is the Hill coefficient, and K is the microscopic
dissociation constant (i.e., the concentration producing a half-maximal
response).

Figure 1. Reversible cholinergic modulation of post-burst potentials in CA1 pyramidal neurons. A, Individual responses to five
brief current injections (2 nA, 2 ms each) to evoke a burst of APs in the baseline condition (left, gray, t � 0 min in B), after CCH
application (middle, black, t � 10 min in B), and after recovery (right, black, t � 25 min in B). Up–down arrow shows the
difference between the AHP and the ADP (� post-burst potential) measured at the time of the AHP peak in the baseline condition
(arrowhead). B, Time course of the post-burst potential amplitudes. Gray-shaded area indicates period of CCH application. n � 14.
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Results
We obtained whole-cell current-clamp recordings from regular-
spiking CA1 pyramidal neurons in rat hippocampal slices and
determined the effects of cholinergic activation on the spike af-
terpotentials elicited by intracellular current injection. Similar to
previous reports, bath application of 5–10 �M CCH, a nonhydro-
lyzable cholinergic agonist, produced a small but statistically sig-
nificant increase in the input resistance (56.4 � 2.7 M� in
baseline condition; 62.1 � 3.1 M� after CCH application; n �
27; paired t test, p  0.001).

In baseline conditions, a burst of APs evoked by five brief
current injections (2 nA; 2 ms; 100 Hz) through the recording
electrode was followed by a small AHP (Fig. 1; �2.6 � 0.2 mV;
n � 14). Application of CCH caused a conversion of the post-
burst AHP to a post-burst ADP (Fig. 1; �7.1 � 1.2 mV after CCH

application; n � 14). At higher concentra-
tions, this ADP was sufficiently large to
trigger additional APs firing (data not
shown). The effects of CCH in producing
the post-burst ADP were reversed during
washout of the agonist (Fig. 1).

To identify the receptor subtype respon-
sible for the CCH-induced post-burst ADP
in CA1 pyramidal neurons, we performed a
series of pharmacological experiments (Fig.
2). Oxo (1 �M; a specific mAChR agonist)
mimicked the effects of CCH (8 �M) on the
post-burst potentials, indicating the specific
action of CCH on mAChRs. McN-A (100
�M; an agonist specific for M1 receptors)
produced a similar effect. We also found
that both 4-DAMP (0.1 �M; an antagonist
with equal affinity for M1 and M3 receptors)
and PZ (0.1 �M; an antagonist specific for
M1 receptors) prevented the CCH-induced
ADP. In contrast, either MCT (0.2 �M; an
antagonist specific for M2 receptors) or
Trop (0.2 �M; an antagonist specific for M4

receptors) failed to prevent the effects. To-
gether, these data (summarized in Fig. 2C)
suggest that M1 receptor activation is re-
quired for the cholinergic conversion of the
post-burst AHP into the post-burst ADP in
CA1 neurons.

Based on our observations suggesting
the involvement of the M1 receptor subtype
in the CCH-induced ADP, we investigated
whether the ADP required G-protein-
dependent activation of PLC and calcium
signaling (Fig. 3). The effects of CCH were
tested with GDP-�-S (0.5 mM; an inhibitor
of G-protein signaling), U73122 (20 �M; a
PLC inhibitor), CPA (30 �M; a blocker of
ATP-dependent calcium uptake into
stores), and BAPTA (10 mM; a calcium
chelator). All of these manipulations in-
hibited the induction of the ADP, as indi-
cated by the reduced magnitudes of the
change in the post-burst potential (Fig.
3C). We showed previously that activa-
tion of group I mGluRs by a selective ag-
onist (DHPG) produced a post-burst
ADP with similar pharmacology (Park et

al., 2010). Here, we performed additional experiments indicating
that this effect was not produced by agonists for other receptors
that are also coupled to Gq/11 signaling (�1 adrenergic receptor,
MTX; 5-HT2 serotonergic receptor, DOI; data not shown), sug-
gesting that it is somewhat specific to mAChR and group I
mGluR activation in these neurons.

The mGluR-mediated post-burst ADP requires upregulation of
Cav2.3 R-type calcium channels in CA1 pyramidal neurons (Park et
al., 2010). This was also the case for the CCH-induced post-burst
ADP, because application of Ni2� (50 �M, which blocks Cav2.3 and
Cav3.2 channels; Soong et al., 1993; Lee et al., 1999) prevented the
ADP response in CCH-treated CA1 neurons (Fig. 4A,B) and the
ADP was significantly reduced in Cav2.3 knock-out mice (Wilson et
al., 2000) compared with wild-type mice (Fig. 4C,D). These results
support the idea that activation of mAChRs (M1 subtype) and group

Figure 2. M1 receptors mediate the CCH-induced post-burst ADPs. A, Individual responses to bursts of five APs in baseline
condition (left, gray) or 15 min after application of agonists (right, black). Experiments were performed in seven different groups:
8 �M CCH, 1 �M Oxo, or 100 �M McN-A in agonist tests; 0.1 �M 4-DAMP, 0.1 �M PZ, 0.2 �M MCT, or 0.2 �M Trop with 8 �M CCH
in antagonist tests. B, Time courses of the post-burst potential amplitudes after application of agonists beginning at t�0 min. Red
lines indicate the averaged response from the CCH-treated group without antagonists. C, Summary of the change in post-burst
potentials (t � 15 min minus t � 0 min response) in each condition. Each symbol represents the amplitude of individual
experiments. One-way ANOVA, p  0.0001; post hoc tests versus CCH, **p  0.001. CCH, n � 13; Oxo, n � 8; McN-A, n � 10;
4-DAMP, n � 8; PZ, n � 8; MCT, n � 7; Trop, n � 7.
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I mGluRs both produce a change of the
post-burst potential through a mechanism
involving G-protein, PLC activation, Ca2�

release, and ultimately upregulation of
R-type channels (Tai et al., 2006). Despite
the common action of DHPG and CCH, we
ruled out the possibility that either of these
agonists was acting directly or indirectly to
activate the other receptor subtype (Fig. 5).

mGluRs and mAChRs have synergistic
effects on hippocampal pyramidal neu-
rons (Moore et al., 2009), so we investi-
gated whether their concurrent activation
could nonlinearly enhance the magnitude
of the ADP. To examine this possibility,
we first applied agonists using low con-
centrations (3 �M CCH or 0.75 �M

DHPG) that reduced the AHP but did not
induce an ADP. Doubling these concen-
trations (6 �M CCH or 1.5 �M DHPG)
produced a change in the post-burst po-
tential that was slightly more than double
the effect of the low concentrations (Fig.
6C). Because the effects of the two low
concentrations produced responses that
were similar to each other, a synergistic
effect of the low concentrations applied
simultaneously would be indicated by an
ADP response larger than that produced
by the higher concentration of either ago-
nist alone. Consistent with this, when the
low concentrations of agonists were ap-
plied together, the change in the post-
burst potential was 80% larger than the
effect of the higher concentration of either

Figure 3. Signaling mechanisms involved in the CCH-induced post-burst ADPs. A, Individual responses to bursts of five APs in baseline
condition (left, gray) or 15 min after CCH application (right, black). Experiments are performed in four different groups: 0.5 mM GDP-�-S, 20
�M U73122, 30�M CPA, or 10 mM BAPTA. B, Time courses of the post-burst potential amplitudes after application of agonists beginning at
t � 0 min. Red lines indicate the averaged response from the CCH-treated control group as in Figure 2 B. C, Summary of the change in
post-burst potentials (t � 15 min minus t � 0 min response) in each condition. Red line indicates the average of change in post-burst
potentials from the CCH-treated control group in Figure 2C. Each symbol represents the amplitude of individual experiments. One-way
ANOVA, p  0.0001; post hoc tests versus CCH, **p  0.001. GDP-�-S, n � 8; U73122, n � 8; CPA, n � 6; BAPTA, n � 7.

Figure 4. Involvement of Cav2.3 calcium channels in the CCH-induced post-burst ADP. A, B, Effects of Ni 2� on the CCH-induced ADPs. A, Individual responses to bursts of five APs in
baseline condition (left, gray) or 15 min after application of 8 �M CCH (right, black) in the presence of 50 �M Ni 2�. B, Time courses of the post-burst potential amplitudes after application
of CCH beginning at t � 0 min (left). Red line indicates the averaged response from the CCH-treated control group without Ni 2� as shown in Figure 2 B. Summary of the change in
post-burst potentials (right, n � 10). Red line indicates the average of change in post-burst potentials from the CCH-treated control group in Figure 2C. Unpaired t test versus CCH,
***p  0.0001. C, D, Effects of CCH on the ADP in wild-type (WT) and Cav2.3 knock-out (KO) mice. C, Individual responses in baseline condition (left, gray) or 15 min after application of
30 �M CCH (right, black) in either wild-type or knock-out mice. D, Time courses of the post-burst potential amplitudes after application of CCH beginning at t � 0 min (left). Summary
of the change in post-burst potentials (right; wild type, n � 7; knock-out, n � 6). Unpaired t test, **p  0.001.
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agonist applied individually and 160% larger than the sum of the
effects of the low concentrations applied individually (Fig. 6C).
These results demonstrate that the effect of activating mGluRs
and mAChRs is highly synergistic.

Although there are many possible mechanisms for this syn-
ergy, one possibility is that both receptors act through a common
intracellular effector signal such as PLC or one of its downstream
effectors. To test the plausibility of such a mechanism, we devel-
oped a mathematical model in which each agonist increased the
concentration of an intracellular signal in a manner described by
the Hill equation and the ADP was induced by the intracellular
signal, also in a manner described by the Hill equation. The con-
centration–response curves for the intracellular signal are en-
tirely hypothetical but are constrained by a few observations (Fig.
6C): (1) the low concentrations of DHPG and CCH must pro-

duce approximately equal intracellular re-
sponses because they produce similar ADPs;
(2) the high concentrations must produce ap-
proximately equal intracellular responses, for
the same reason; (3) for the ADP to be
explained by the Hill equation (or any
other monotonic relationship), the sum
of the intracellular signal produced by
each low concentration had to be greater
than the intracellular signal produced by
either of the high concentrations. Using
these constraints, we were able to develop
a model that was consistent with our data
(Fig. 7A–C). Two key features of the
model were necessary to fit the data. First,
the low and high concentrations that we
used for each agonist had to be in a sub-
linear region of the dose–response curve
for activation of the intracellular effector
signal. Supralinear relationships would
not work because this would result in in-
tracellular signals from the high concen-
trations that exceeded the sum of the
intracellular signal produced by the low
concentrations of agonists (Fig. 7D). Sec-
ond, the relationship between the ADP
and the intracellular effector had to be su-
pralinear, such that a small increase in the
intracellular effector produced a large in-
crease in the amplitude of the ADP. Al-
though this model was consistent with our
data, it by no means rules out more compli-
cated explanations for the synergistic effect
of activating both receptor types (see Dis-
cussion). For example, if there is a supralin-
ear relationship between the metabotropic
receptors and a common intracellular effec-
tor signal (Fig. 7D), then the ADP in re-
sponse to combined activation cannot be
explained by the action of this single intra-
cellular effector (Fig. 7E), suggesting a more
complex mechanism for the observed syn-
ergy (see Discussion).

To determine whether synaptically re-
leased ACh and Glu could induce an ADP,
we stimulated Schaffer collateral inputs to
CA1 neurons in the presence of blockers
of AMPA, NMDA, GABAA, and GABAB

receptors (see Materials and Methods), to eliminate EPSPs and
IPSPs, but without blocking mAChRs and mGluRs. The post-
burst potential was monitored during a baseline condition (AP
only; 2 ms somatic current steps at 100 Hz) and during high-
frequency synaptic stimulation using an electrode positioned in
proximal stratum radiatum (AP with synaptic stimulation; syn-
aptic stimulation at 50 Hz) (Fig. 8A). In the absence of synaptic
stimulation, each burst was followed by an AHP; however, when
synaptic stimulation was delivered (on alternate trials), bursts
during synaptic stimulation were followed instead by an ADP
(Fig. 8A). The change in the post-burst potential was estimated
from the difference between the post-burst potentials [� post-
burst potential � ADP in AP with SYN � AHP in AP only (in
which SYN is synaptic stimulation)]. To determine the involve-
ment of synaptically stimulated mAChRs and group I mGluRs in

Figure 5. CCH-induced and DHPG-induced ADPs can occur without activation of the other receptor type. A, Individual responses
to bursts of five APs in baseline condition (gray, t � 0 min in B) or after application (black, t � 15 min in B) of either 8 �M CCH or
2 �M DHPG. Experiments are performed in six different groups: control, 10 �M MPEP � 100 �M LY367385 (LY), and 10 �M

atropine in either CCH groups or DHPG groups. B, Time courses of the post-burst potential amplitudes after application of either CCH
or DHPG beginning at t � 0 min. C, Summary of the change in post-burst potential (t � 15 min minus t � 0 min response) in each
condition. Each symbol represents the amplitude of individual experiments. Red line and blue line show the average of control in
CCH groups and DHPG groups, respectively. In CCH groups: control, n � 13; MPEP � LY367385, n � 11; atropine, n � 9. In DHPG
groups: control, n � 14; MPEP � LY367385, n � 9; atropine, n � 12. One-way ANOVA, p  0.0001; post hoc tests versus control,
**p  0.001.
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the induction of the post-burst ADP, we applied either MPEP and
LY367385 to block group I mGluRs or atropine to block
mAChRs. The results of these experiments were compared with a
separate group of control experiments performed over the same
recording time but without the antagonists. In the control group,
the change in the post-burst potential gradually increased over the
course of the experiment (Fig. 8B,C; 202 � 12% of initial value, n �
9). In contrast, antagonism of either receptor type resulted in a de-
crease in the modulation of the post-burst potential (Fig. 8B,C;
MPEP � LY367385, 40 � 7%, n � 7; atropine, 52 � 4% of initial
value, n � 7). The magnitudes of the change in the post-burst po-
tential at the end of the experiment (t � 60 min) in the presence of
antagonists were 20% (MPEP � LY367385) and 26% (atropine) of
the control group, consistent with a substantial contribution of
mAChRs and group I mGluRs to the induction of the post-burst
ADP triggered by synaptically released neuromodulators.

Although the magnitude of the change in the post-burst po-
tential in the control group gradually increased over the course of
the experiment, the long-term increase in the synaptically in-

duced ADP was eliminated in the conditions without either cho-
linergic or glutamatergic signaling, indicating that this increase
requires signaling via both of these receptor types. The long-term
effects of synaptic stimulation on the change in post-burst poten-
tial in the control group was activity dependent; the rate of
growth of the ADP was relatively slow with long intervals between
trials (15 min) and faster with shorter stimulation intervals (2
min) (Fig. 8E,F). Without synaptic stimulation, the post-burst
AHP was stable over time in all groups (Fig. 8G).

We next examined whether the post-burst ADPs induced by
synaptically released neuromodulators resulted from synergistic
actions of the cholinergic and glutamatergic receptor types. We
applied atropine, MPEP, and LY367385 to block signaling via
both receptor types and monitored the resulting changes in the
post-burst potential. Under these conditions, the magnitude of
the change in the post-burst potential was decreased to 11 � 3%
of the initial value (Fig. 8B,C; n � 7). When normalized to the
control group, the change in the post-burst potential was almost
fully inhibited (95% inhibition). Because the magnitude of the
change in the post-burst potential in the control group was 180%
larger than the sum of the changes in the presence of antagonists
at the end of the experiment (Fig. 8D; t � 60 min), we conclude
that modulation of the post-burst potential in response to synap-
tically released neurotransmitters results from a synergistic ac-
tion of mAChRs and group I mGluRs.

There are two possible explanations for the mAChR/mGluR-
dependent growth of the ADP in response to repeated synaptic
stimulation: it could be caused by a sensitization of the signaling
that leads to an ADP in response to activation of mAChR or
mGluR alone or it could be caused by a sensitization of the syn-
ergy between these two receptors and their respective signaling
pathways. To distinguish between these possibilities, we allowed
the ADP to be enhanced by repeated synaptic stimulation (in the
absence of receptor antagonists) and then applied MPEP and
LY367385 to block group I mGluRs, atropine to block mAChRs,
or the combined antagonists to block both receptor types. We
compared the ADP resulting from activation of one receptor type
(i.e., mediated by mAChRs in the presence of MPEP and
LY367385 or mediated by group I mGluRs in the presence of
atropine) after short (10 min) and long (40 min) periods of sen-
sitization by synaptic stimulation (2 min intervals). The longer
sensitization period resulted in an enhancement of the ADP me-
diated by a single receptor type (Fig. 9A,B), and the sum of the
enhanced mAChR-mediated ADP and the mGluR-mediated
ADP was equivalent to the total sensitization observed with both
signaling pathways intact (Fig. 9C). These results indicate that the
sensitization produced by synaptic stimulation can be accounted
for by summation of the enhanced ADP mediated by each indi-
vidual receptor type, with no enhancement of their synergistic
interactions. In a related experiment, we found that bath appli-
cation of CCH and DHPG similarly enhanced the ADP in re-
sponse to bath application of CCH or DHPG alone (Fig. 10).

Discussion
Together, our results suggest that concurrent activation of the M1

subtype of muscarinic receptors (mAChRs) and group I mGluRs
(mGluR1 and mGluR5) activates signaling that is sufficient to
modulate the post-burst potential in hippocampal CA1 pyrami-
dal neurons. This modulation has both rapidly reversible and
longer-lasting components, both of which could be induced by
either bath application of receptor agonists or axon stimulation,
resulting in release of ACh and Glu from presynaptic terminals.
Both the rapidly reversible and the longer-lasting effects of acti-

Figure 6. Coapplication of low concentrations of CCH and DHPG induces a post-burst ADP. A,
Individual responses to bursts of five APs in baseline condition (gray, t � 0 min in B) or after
application (black, t � 15 min in B) of CCH (3 �M), DHPG (0.75 �M), or both (3 �M CCH � 0.75
�M DHPG). B, Time courses of the post-burst potential amplitudes after application of CCH,
DHPG, or both. Gray-shaded area indicates period of drug application. C, Summary of the
change in post-burst potentials (t � 15 min minus t � 0 min response) in each condition. In
CCH groups: 3 �M, n � 12; 6 �M, n � 11. In DHPG groups: 0.75 �M, n � 15; 1.5 �M, n � 11.
In CCH � DHPG group: 3 �M CCH � 0.75 �M DHPG; experiment (expt), n � 16. For the linear
sum, 16 randomly selected pairs were used from the independent measures in 3 �M CCH and
0.75 �M DHPG. One-way ANOVA, p  0.0001; post hoc tests versus experiment, **p  0.001.
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vating these receptors displayed synergistic actions— effects that
were much greater when mAChRs and mGluRs were activated
together than when either type was activated on its own.

Although both the M1 mAChR and group I mGluR systems
are well known to be capable of contributing to neuronal
excitability in many brain areas (Benardo and Prince, 1982;
McCormick and Prince, 1986; Greene et al., 1992; Kawasaki et al.,
1999; McQuiston and Madison, 1999; Ireland and Abraham,
2002; Young et al., 2004; Lawrence et al., 2006; Pressler et al.,
2007; Gulledge et al., 2009), very little is known about interac-
tions between the two systems. A previous study identified long-

lasting changes in intrinsic excitability
associated with these two metabotropic
receptor systems (Moore et al., 2009).
This new work identifies an additional,
acute effect, as well as an interaction be-
tween the acutely induced ADP and
longer-lasting sensitization of the ADP by
synergistic activation of M1 mAChRs and
group I mGluRs.

There are several other neurotransmitter
systems modulating neuronal excitability in
the hippocampus. For example, activation
of adrenergic receptors has been known to
increase or decrease AP firing depending on
the receptor subtypes (Pang and Rose, 1987;
Mynlieff and Dunwiddie, 1988). We found
that application of adrenergic or serotoner-
gic agonists induced little or no change of
the post-burst potential in hippocampal
CA1 neurons (data not shown). In addition,
synaptically released ACh and Glu were nec-
essary and sufficient for the long-lasting sen-
sitization of the ADP, suggesting that no
other neurotransmitters were involved in
these effects in our conditions.

Similar to our previous report showing
that group I mGluR activation induces an
ADP in CA1 neurons (Park et al., 2010), the
M1 mAChR-mediated effects required activa-
tion of Gq/11-coupled receptors, PLC activa-
tion, intracellular Ca2� release, and Cav2.3
R-type calcium channels. How can recep-
tors that engage similar signaling pathways
have synergistic effects that exceed increased
activation of a single receptor type? One
simple possibility would be that each recep-
tor achieves limited activation of a single in-
tracellular effector (e.g., PLC), whereas
activation of both receptor types could pro-
duce more robust activation of the effector.
We were able to establish the plausibility of
this model mathematically, but other more
complex mechanisms seem equally likely.

One such alternative mechanism is that
optimal modulation of the afterpotential
engages multiple signaling pathways, in-
cluding pathways that are differentially acti-
vated by the two metabotropic receptors. It
is well known that receptors coupling to Gq/

11-protein can have other effects in addition
to activation of PLC. In fact, there is a grow-
ing body of evidence that heptahelical re-

ceptors can signal via associations with intracellular signal molecules
other than G-proteins (Hall et al., 1999). For example, in CA1 pyra-
midal neurons, a slow component of the post-burst ADP is not
blocked by G-protein inhibitors (Park et al., 2010), and in oriens/
alveus interneurons, group I mGluR-induced depolarization is
not blocked by G-protein or PLC inhibitors (Gee and Lacaille,
2004). In addition to these examples suggesting the existence of
G-protein-independent signaling, mAChR and group I mGluR
systems may also signal with distinct molecules on the pathway
downstream from Gq/11-proteins. For example, in isolated hip-
pocampal CA1 neurons, mAChR and group I mGluR inhibition

Figure 7. A mathematical model of synergistic activation of the ADP by mGluR and mAChR. A, Schematic representation of the
model. Activation of mGluR and mAChR results in nonlinear activation of an intracellular effector signal (e.g., PLC or IP3). This signal
in turn results in nonlinear activation of the ADP. B, Hypothetical concentration–response curves of the intracellular effector signal
for agonists of mGluR (blue) and mAChR (red). Both curves were generated by the Hill equation (see Materials and Methods;
mGluR, Hill coefficient, n � 1, microscopic dissociation constant, K � 2.1 �M; mAChR, n � 0.8, K � 9.4 �M). The two curves were
constructed such that each function is sublinear over the range of concentrations used in the experiments (0.75 and 1.5 �M for
mGluR; 3 and 6 �M for mAChR), and the low concentrations and high concentrations produced effector signal levels (indicated by
gray bands L and H, respectively) that were approximately equal for the two agonists. C, Hypothetical concentration–response
curve for the ADP produced by the intracellular effector signal (Hill equation, n � 3.3, K � 0.55 �M). Data points correspond to
actual ADP response means shown in Figure 6C (mGluR, blue; mAChR, red; both together, black). Gray bands indicate signal levels
shown in B, including two times signal level L. This combination of functions produces a good fit of the data, including the
synergistic mGluR/mAChR response. D, Hypothetical concentration–response curves of the intracellular effector signal for agonists
of mGluR (blue) and mAChR (red). Both curves were generated by the Hill equation (see Materials and Methods; mGluR, Hill
coefficient, n � 2.3, microscopic dissociation constant, K � 1.9 �M; mAChR, n � 1.8, K � 8.6 �M). The two curves were
constructed such that each function is supralinear over the range of concentrations used in the experiments. E, Hypothetical linear
concentration–response curve for the ADP produced by the intracellular effector signal. This model can explain the separate mGluR
and mAChR data, as well as the linear sum (purple point), but not the synergistic mGluR/mAChR response.
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of IGIRK have been shown to be mediated by PLC/PKC and phos-
pholipase A2/arachidonic acid signaling, respectively (Sohn et al.,
2007).

How might these alternate signaling pathways get engaged
preferentially by synergistic activation of mAChRs and mGluRs?
One intriguing mechanistic possibility is that the two different

G-protein-coupled receptors form a macromolecular complex
(Smith and Milligan, 2010). The resulting protein–protein inter-
actions in such receptor heteromers have been shown to result in
a variety of effects on receptor function, including alterations in
ligand binding affinity and downstream signaling (Rozenfeld and
Devi, 2010), which could cause the signaling cascade involving

Figure 8. Effects of group I mGluR antagonists and mAChR antagonist on the post-burst ADP induced by synaptic stimulation (SYN) is paired with somatic AP to evoke the post-burst ADPs. Stimuli
are five APs (100 Hz) alone or together with synaptic stimulation (50 Hz for 1 s). A, Typical responses from a single cell either without (left, gray) or with (middle, black) synaptic stimulation. Examples
for each condition are expanded and overlaid on the right. Arrow indicates the difference between the AHP and the ADP (� post-burst potential). B, Alternating responses with and without synaptic
stimulation (black and gray, respectively) are superimposed. Representative responses are obtained from the control group, 10 �M MPEP � 100 �M LY367385 (LY) group, 10 �M atropine group,
or atropine � MPEP � LY367385 group at the beginning of the experiments (left, t � 0 min in C) and the end of the experiments (right, t � 60 min in C). C, Normalized change in post-burst
potentials over time (control, n � 9; MPEP � LY367385, n � 7; atropine, n � 7; atropine � MPEP � LY367385, n � 7). Gray-shaded area indicates period of drug application. D, Summary of the
change in post-burst potentials at t�20 and t�60 min in C. Responses from the control group, MPEP� LY367385 group, and atropine group are normalized to the magnitude of atropine�MPEP
� LY367385 group. For the linear sum, nine randomly selected pairs were used from the independent measures in MPEP � LY367385 group and atropine group. One-way ANOVA, p  0.0001; post
hoc tests versus experiment (expt), **p  0.001. E, Normalized change in post-burst potentials over time from experiments with different intervals between individual tests (2 min interval, n �
13; 5 min interval, n � 9; 15 min interval, n � 7). F, Data from E are replotted as a function of the number of tests. G, Absolute post-burst potential with or without synaptic stimulation (filled and
open circles, respectively). Without synaptic stimulation, the post-burst AHP was stable in all groups.
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Gq/11, PLC, and IP3 to be activated to a greater extent in the
presence of both agonists than in the presence of only one agonist
or cause the activation of some of the additional signaling path-
ways discussed above. Another possible mechanism is that syn-
ergistic effects arise from the activation of M1 mAChRs or group
I mGluRs in adjacent cells, such as in presynaptic terminals or
glia, thus leading to release of neurotransmitters from these
structures and ultimately resulting in activation of other recep-
tors and signaling pathways in pyramidal neurons.

We found that the induction of an ADP is dependent on mod-
ulation of Cav2.3 channels, but other channels may also be mod-
ulated—perhaps as a result of a synergistic effect of mAChRs and
mGluRs—to reduce the AHP and/or enhance the ADP in concert
with the R-type channel effect. One possible candidate is calcium-
activated nonselective cation channels, which have been suggested to
play a role in the modulation of the spike afterpotential (Greene et
al., 1994; Guérineau et al., 1995; Fraser and MacVicar, 1996; Congar

et al., 1997; McQuiston and Madison, 1999;
Shalinsky et al., 2002; Lawrence et al., 2006).
Another possibility is that K� channels may
be modulated in concert with Ca2�

channels (Constanti and Bagetta, 1991;
Constanti et al., 1993; Greene et al., 1994).
These possibilities are supported by the obser-
vation that changes in the post-burst potential
are reduced but not eliminated in the Cav2.3
knock-out mice (Fig. 4). Although the long-
lasting alterations responsible for the long-
term sensitization of the ADP modulation we
describe are unknown, there may be some
overlap with the long-lasting enhancement of
burst firing caused by synergistic activation of
mAChRs and group I mGluRs after theta-
burst synaptic stimulation of CA1 neurons
(Moore et al., 2009).

The facilitatory effects of simultaneous
activation of two neuromodulatory systems
on neuronal activity have been described
previously for the induction of LTP and
LTD (Bröcher et al., 1992; Watabe et al.,
2000; Scheiderer et al., 2008) as well as plas-
ticity of bursting (Moore et al., 2009). Our
studyextends thisconcept to includesynergis-
tic effects that more rapidly modulate neuro-
nal function. The ability of ACh and Glu, two
major neuromodulators in the hippocampus,
to modulate post-burst potentials synergisti-
cally provides a mechanism for hippocampal
neurons to respond uniquely under condi-
tions in which there is convergent activation
of both systems, whereas activation of only
one of the two systems would produce little
or no response. These conditions can lead to
both short-term and long-term changes in
intrinsic excitability that may be responsible
for ongoing modulation of hippocampal
function during different behavioral states.

What novel properties might be con-
ferred on the animal by engaging synergistic
actions of two modulatory neurotransmit-
ters? ACh is part of the reticular activating
system, which plays a key role in regulating
sleep–wake cycles. Although it is well known

that the reticular activating system involves several neurotransmit-
ters, the mechanisms by which multiple transmitters achieve
changes in behavioral states are not known. The most obvious
mechanism is that different neurotransmitters target different
cell types. We show here, however, that two transmitters—ACh
and Glu— can act synergistically to modulate excitability in one
population of neurons.

In the hippocampus, ACh acts via multiple mechanisms,
broadly regulating activity during the active-awake and rapid-
eye-movement-sleep states (Hasselmo, 1999), whereas Glu is re-
leased selectively onto neurons that are part of the active network.
Thus, the requirement for both transmitters could ensure that
active neurons are modulated differently from silent neurons
during appropriate behavioral states. For example, the modula-
tion we describe might contribute to the well-documented
reduction of the AHP that occurs during some forms of
hippocampus-dependent learning (Zhang and Linden, 2003;

Figure 9. Effects of repeated synaptic stimulation on the post-burst potential induced in the presence of group I mGluR
antagonists and mAChR antagonist. A, Normalized changes in post-burst potentials over time. Gray-shaded area indicates period
of drug application (filled symbol, from t � 10 min; open symbol, from t � 40 min). A linear regression line to the control group
is shown by a black line. B, Summary of the change in post-burst potentials at the end of experiments in MPEP � LY367385 (LY)
and atropine group (filled bars, t � 60 min after drug application at t � 10 min; open bars, t � 60 min after drug application at
t � 40 min) . C, Change in post-burst potentials in the control at t � 42 min and the sum of MPEP � LY367385 and atropine group
(open symbol in A) at t � 60 min. For the linear sum, 13 randomly selected pairs were used from the independent measures in
MPEP � LY367385 group and atropine group. Unpaired t test, *p  0.01. Control, n � 13; MPEP � LY367385, n � 7 each;
atropine, n � 8 each; atropine � MPEP � LY367385, n � 7 each. expt, Experiment.
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Disterhoft et al., 2004). Another possibil-
ity is that enhanced excitability via activa-
tion of mAChRs and mGluRs could
contribute to the plasticity required for
place fields to form during active explora-
tion of new environments. In both of these
examples, the requirement for mGluR activa-
tion would restrict the plasticity to activated
neurons, whereas the requirement for
mAChR activation would ensure that the
plasticity occurred only during appropriate
behavioral states. Although such scenarios
are entirely speculative, it is generally true
that different combinations of modulatory
transmitter receptors will be activated dur-
ing different behavioral states, thus high-
lighting the importance of studying the
interactions that occur between these neu-
romodulatory systems.
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