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Abstract
Depolarizing, hyperpolarizing and biphasic muscarinic responses have been described in
hippocampal inhibitory interneurons, but the receptor subtypes and activity patterns required to
synaptically activate muscarinic responses in interneurons have not been completely characterized.
Using optogenetics combined with whole cell patch clamp recordings in acute slices, we measured
muscarinic responses produced by endogenously released acetylcholine (ACh) from cholinergic
medial septum/diagonal bands of Broca inputs in hippocampal CA1. We found that depolarizing
responses required more cholinergic terminal stimulation than hyperpolarizing ones. Furthermore,
elevating extracellular ACh with the acetylcholinesterase inhibitor physostigmine had a larger
effect on depolarizing versus hyperpolarizing responses. Another subpopulation of interneurons
responded biphasically, and periodic release of ACh entrained some of these interneurons to
rhythmically burst. M4 receptors mediated hyperpolarizing responses by activating inwardly
rectifying K+ channels, whereas the depolarizing responses were inhibited by the nonselective
muscarinic antagonist atropine but were unaffected by M1, M4 or M5 receptor modulators. In
addition, activation of M4 receptors significantly altered biphasic interneuron firing patterns.
Anatomically, interneuron soma location appeared predictive of muscarinic response types but
response types did not correlate with interneuron morphological subclasses. Together these
observations suggest that the hippocampal CA1 interneuron network will be differentially affected
by cholinergic input activity levels. Low levels of cholinergic activity will preferentially suppress
some interneurons via hyperpolarization and increased activity will recruit other interneurons to
depolarize, possibly because of elevated extracellular ACh concentrations. These data provide
important information for understanding how cholinergic therapies will affect hippocampal
network function in the treatment of some neurodegenerative diseases.
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1. Introduction
Information processing by hippocampal CA1 includes coding of spatial information and
episodic memory formation (Moscovitch et al., 2006), both processes that are important for
behavioral functioning. These tasks rely on hippocampal inhibitory interneurons that control
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synaptic input, dendritic integration and output of CA1 pyramidal neurons (Maurer et al.,
2006; Hangya et al., 2010; Royer et al., 2012). The functioning of this network in part
depends on acetylcholine (ACh) inputs from the medial septum and diagonal bands of Broca
(MS/DBB). Disruption of the MS/DBB input by systemic blockade of muscarinic
cholinergic receptors or direct injection of muscarinic receptor antagonists into the
hippocampus can impair memory (Atri et al., 2004; Hasselmo, 2006) and the encoding of
spatial information (Blokland et al., 1992).

Most studies examining the role of ACh input onto hippocampal interneurons in vitro have
involved exogenous application of cholinergic agonists (Bonner, 1989; McQuiston and
Madison, 1999a; Lawrence et al., 2006; Cea-del Rio et al., 2010; Chiang et al., 2010; Cea-
del Rio et al., 2011; Zheng et al., 2011) or electrical stimulation of cholinergic fibers
(Widmer et al., 2006; Gu and Yakel, 2011). However, exogenous cholinergic agonist
application cannot mimic the temporal or spatially variable concentrations of ACh that arise
from synaptic release (Parikh et al., 2007; Zhang et al., 2010). Furthermore, electrical
stimulation may only activate a subset of axons surrounding the stimulating electrode,
potentially preventing the generation of cholinergic responses in some interneuron subtypes.
Therefore, conclusions regarding interneuron function in studies using these methods may
give an incomplete or an inaccurate picture. In contrast, using optogenetics to control ACh
synaptic release in brain slices directly assesses interneuron function on the hippocampal
network (Bell et al., 2011; Gu and Yakel, 2011; Nagode et al., 2011).

Previous studies have shown that CA1 interneurons have different types of muscarinic
responses, depolarizing, hyperpolarizing, or biphasic responses (hyperpolarization followed
by depolarization) (McQuiston and Madison, 1999a; Widmer et al., 2006). However, the
precise location of CA1 interneuron subtypes that differentially respond to synaptically
released ACh is incompletely understood. Furthermore, it is unclear what types of pre-
synaptic activity patterns are required to produce the different response types, and it is not
known what subtypes of muscarinic receptors mediate these responses. Combining
optogenetic tools and whole cell patch clamping, we recorded from interneurons in
hippocampal CA1 with fast hyperpolarizations, slow depolarizations, and biphasic responses
resulting from endogenous ACh release. Interestingly, hyperpolarizing responses required
less cholinergic presynaptic activity compared to depolarizing responses.
Pharmacologically, M4 receptors were involved in mediating the hyperpolarization. In
addition, we found a subset of interneurons displaying biphasic responses that could be
selectively entrained by rhythmic activation of cholinergic inputs. Our findings demonstrate
that hippocampal activity may be differentially modulated by recruiting or suppressing
different subtypes of inhibitory interneurons through varying patterns of cholinergic activity
from MS/DBB input.

2. Methods
2.1. Animals

The 134 B6; 129S6-Chattm1(cre)Lowl/J (Chat-cre, JAX Stock No. 006410) mice used in these
studies were housed in an animal care facility approved by the American Association for the
Accreditation of Laboratory Animal Care (AAALAC). Animal experimental procedures
followed a protocol approved by the Institutional Animal Care and Use Committee of
Virginia Commonwealth University (AD 20205). This protocol adhered to the ethical
guidelines described in The Care and Use of Laboratory Animals 8th Edition (Garber,
2011). All efforts were made to minimize animal suffering and to reduce the number of
animals used.
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2.2. Generation and stereotaxic injection of rAAV-Flex-rev-oChIEF-tdTomato into the MS/
DBB of Chat-cre mice

A recombinant adeno-associated virus (rAAV, serotype 1 or 9) expressing FLEXed oChIEF-
tdTomato was generated using a previously described method (Bell et al., 2011) in order to
selectively express oChIEF-tdTomato in infected cells that also expressed Cre recombinase.
Mice were initially anesthetized via intraperitoneal injection of ketamine (100 mg/kg IP) and
xylazine (2.5 mg/kg IP). Anesthesia was maintained with O2 supplemented with 1.0%
isoflurane. An incision was made in the skin along the midsagittal suture, and a small hole
was drilled in the skull overlying the septum. An aluminosilicate glass pipette containing
rAAV-Flex-rev-oChIEF-tdTomato was lowered to the level of the MS/DBB, approximately
0.8–1.0 mm rostral to Bregma and infused at a rate of 100 nl/min using a software driven
injectomate (Neurostar, Sindelfingen, Germany). In total, 8 × 100 nl injections were made
between 3.5 and 5.0 mm in depth. 10–15 days post viral injection, 38–56 day old mice were
sacrificed for experimentation.

2.3. Preparation of hippocampal slices
Brain slices were obtained by methods previously described (Bell et al., 2011). In brief,
horizontal slices containing the mid-temporal hippocampus were cut at 350 μm on a Leica
VT1200 (Leica Microsystems, Buffalo Grove, IL). Sections were incubated in a holding
chamber kept at 36 °C for 30 min and then allowed to return to room temperature. The
holding and recording chamber solution consisted of normal saline (in mM): NaCl 125, KCl
3.0, CaCl2 1.2, MgSO4 1.2, NaHPO4 1.2, NaHCO3 25, glucose 25 bubbled with 95% O2/5%
CO2. Recordings were performed at 32–34 °C.

2.4. Light-evoked release of acetylcholine from MS/DBB cholinergic axon terminals
Cholinergic terminals expressing oChIEF-tdTomato were stimulated by blue light
transmitted through the epi-illumination light path of an Olympus BX51WI microscope and
a 20× water immersion objective (0.95 NA). Blue light flashes (1 ms in duration) were
generated either from a flash lamp (JML-C2, Rapp Optoelectronic) by passing light through
a D455/70 excitation filter focused into a liquid light guide or from a light-emitting diode
(LED) (UHP-microscope-LED-460, Prizmatix Modiin-Ilite, Givat Shmuel, Israel). Blue
light exiting the light guide or LED was focused into the epi-illumination light path of the
Olympus BX51WI microscope and back aperture of the 20× water immersion objective
(0.95 NA) using an optiblock beam combiner (Prizmatix) or a Flashcube 70 (Rapp
Optoelectronics, Hamburg, Germany) and two dichroic mirrors (515dcxru, Chroma
Technology, Bellows Falls, VT, USA).

2.5. Electrophysiological measurements
Whole cell patch clamp recordings on hippocampal CA1 interneurons were performed using
patch pipettes (2–5 MΩ) pulled from borosilicate glass (8250 1.65/1.0 mm) on a Narishige
PC-10 pipette puller filled with (in mM): KMeSO4 135, NaCl 8, MgATP 2, NaGTP 0.1,
HEPES 10, BAPTAK4 0.1, biocytin 0.1%. Membrane potentials were measured with a
Model 2400 patch clamp amplifier (A-M Systems, Port Angeles, WA) and converted into a
digital signal by a PCI-6040E A/D board (National instruments, Austin, TX). WCP
Strathclyde Software was used to store and analyze membrane potential responses on a PC
computer (courtesy of Dr. J Dempster, Strathclyde University, Glasgow, Scotland). Further
analysis was performed with Originpro 8.1 (OriginLab Corp., Northampton, MA, USA),
Excel (Microsoft, Redmond, WA) and SPSS 20.0 (IBM, Armonk, NY). To evoke synaptic
electrical activity in hippocampal CA1, bipolar platinum-iridium stimulating electrodes
(approx. 100 kΩ, FHC Inc., Bowdoin, ME, USA) were placed in Shaffer collaterals of CA3
pyramidal neurons.
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2.6. Morphological reconstruction of interneurons displaying muscarinic synaptic
responses

Slices were fixed, washed and incubated with streptavidin Alexa Fluor 633 (Life
Technologies, Invitrogen) as previously described (Bell et al., 2011). Processed slices were
then reconstructed using a Zeiss LSM 710 confocal microscope (Carl Zeiss, Jena, Germany).
Alexa 633 was excited with the 633 nm line of a HeNe 5 mW laser and cells were visualized
using a 20× dry lens (0.8 N.A., voxel dimensions 0.2 0.2 1.1 μm). The imaged interneurons
were traced using the Autoneuron module within the Neurolucida program (MBP,
Burlington, VT).

2.7. Statistics and data analysis
Data were analyzed using WCP software for the electrophysiological measurements.
Statistics were performed using SPSS 20.0 (IBM, Armonk, NY). Statistical significances for
groups of 3 or more were determined using a one-way ANOVA or repeated measures
ANOVA with Bonferroni post hoc tests or a Fisher’s exact test. Statistical significances for
groups of 2 were determined with two-tailed t-tests. Differences were determined to be
statistically significant for p values less than 0.05. All data was reported as the mean,
standard error of the mean (SEM). Asterisks were as follows unless otherwise noted, ***p <
0.001, **p < 0.01, *p < 0.05.

2.8. Chemicals
All chemicals were purchased from VWR unless otherwise indicated. VU 0255035 (M1-
selective antagonist), VU 0357017 (M1-selective positive allosteric modulator), VU 10010
(M4-selective positive allosteric modulator), and VU 0238429 (M5-selective positive
allosteric modulator) were obtained from Tocris Bioscience (Ellisville, Missouri) and 6,7-
Dinitroquinoxaline-2,3-dione (DNQX), DL-2-Amino-5-phosphono pentanoic acid (APV)
from Ascent Scientific (Bristol, U.K.). Biocytin (B-1592) was purchased from Life
Technologies (Invitrogen).

3. Results
Using optogenetics, we investigated cholinergic synaptic transmission onto hippocampal
CA1 interneurons in acute brain slices by selectively expressing the excitatory optogenetic
protein oChIEF-tdTomato (Lin et al., 2009) in MS/DBB cholinergic terminals. A
recombinant adeno-associated virus (rAAV) containing a FLEXed (Schnütgen et al., 2003)
coding sequence for oChIEF-tdTomato was injected into the MS/DBB of mice that
expressed Cre recombinase under the control of the choline acetyltransferase promoter
(Chat) (Bell et al., 2011). Because the sequence coding for oChIEF-tdTomato was reversed
and floxed by two incompatible LoxP sites (Schnütgen et al., 2003), oChIEF-tdTomato
expression was limited to cells that also expressed Cre recombinase (i.e. cholinergic neurons
– approximately 37% of Chat-expressing neurons). Ten to 14 days after infection, long
range projecting oChIEF-tdTomato-labeled fibers were visible in mid-temporal hippocampal
slices and synaptic release of ACh could be elicited by full-field (20×, 0.95 NA objective)
blue light flashes (1 ms).

3.1. Muscarinic responses in CA1 interneurons: different response types require different
presynaptic activity and have different kinetics

In examining the different types of synaptic muscarinic responses in CA1 interneurons, we
first explored the number of stimuli (blue light flashes) required to produce each type of
response in addition to measuring their response kinetics. We used two stimulus patterns,
one that used a small number of pulses (10 pulse at 20 Hz) (Fig. 1 B–D, blue vertical bars)
and the other a larger number of pulses (120 pulses at 20 Hz) (Fig. 1G–I). Using only 10
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stimuli, we recorded three types of muscarinic synaptic responses in current clamp, fast
hyperpolarization (Fig. 1B), slow depolarization (Fig. 1C), and biphasic responses
(consisting of a fast hyperpolarization phase followed by a slow depolarization phase, Fig.
1D). The average maximum amplitude of the hyperpolarizing response (−3.01 ± 0.31 mV)
was larger than the depolarizing response (1.89 ± 0.22 mV) (Fig. 1E). Fitting the response
rise and decay phases with single exponentials we found that hyper-polarizing responses had
faster rise (473.3 ± 28.7 ms) and decay time constants (1829.6 ± 129.2 ms) than
depolarizing responses (rise: 686 ± 44.3 ms: decay: 3092.7 ± 493.3 ms) (Fig. 1F). Longer
burst durations (120 ± 20 Hz) were required to confirm the presence of a biphasic response
because at 10 × 20 Hz stimulation, 45% of biphasic cells had only a hyperpolarizing
component. Importantly, some interneurons that produced depolarizing responses were
capable of producing actions potentials (Fig. 1H, inset) only when longer bursts were
applied to the slice (120 × 20 Hz).

3.2. Hyperpolarizing responses to synaptic release of ACh are mediated by M4 and not M1
or M5 receptors

There are five subtypes of muscarinic receptors, M1–5 (Bonner, 1989), all of which can
found at different levels of expression in the hippocampus (Volpicelli and Levey, 2004;
Moscovitch et al., 2006). M2 and M4 receptors are coupled to Gi proteins and most likely
activate inwardly rectifying potassium channels that generate hyperpolarizing responses
(Maurer et al., 2006; Widmer et al., 2006; Brown, 2010; Hangya et al., 2010; Royer et al.,
2012). Using a new highly selective M4 positive allosteric modulator (PAM) VU 10010
(EC50 = 400 nM, with no effect on other muscarinic receptors) (Shirey et al., 2008), we
found that most hyperpolarizing responses (71.4%, 20 of 28) were potentiated (>10%
increase of amplitude) by bath application at 5 μM VU 10010 (Fig. 2A). These data suggest
that the majority of the synaptic muscarinic hyperpolarizing responses were mediated at
least in part by the activation of M4 receptors.

In order to demonstrate that network responses from neighboring inhibitory and excitatory
cells were not contributing to the hyperpolarizing responses, we blocked glutamatergic and
GABAergic synaptic transmission by bath applying NMDA/AMPA antagonists (APV, 50
μM and DNQX, 30 μM, respectively) and GABAA-B antagonists (bicuculline 25 μM, CGP
55845 10 μM, respectively) (Fig. 2B). Neither glutamate nor GABA receptor antagonists
had a significant effect on amplitude (Fig. 2D) nor on the rise/decay times of responses to
synaptically released ACh (data not shown). In contrast, bath application of the nonselective
muscarinic antagonist atropine (5 μM) blocked all hyperpolarizing responses (Fig. 1B, G,
2D, E).

Bath application of M4 PAM significantly increased the amplitude of both the
hyperpolarizing response to short burst (10 × 20 Hz) (68.2% ± 15% of control) and long
burst (120 × 20 Hz) (47.9% ± 13% of control) stimulated release of ACh (Fig. 2A, E). M4
PAM had the same relative effect in both stimulation protocols (Fig. 2D). In addition to
increasing amplitude, M4 PAM also significantly prolonged the decay time constant of the
hyperpolarizing response (61% ± 17) (Fig. 2E, F) for both types of stimulation protocols
(120 × 20 Hz not shown).

We next tested whether M1 receptors contributed to the hyperpolarizing responses using the
new highly selective M1 antagonist VU 0255035, (IC50 132.6 ± 28.5 nM, greater than 75
fold more efficacious than all other muscarinic receptors, IC50 > 10 μM) (Sheffler et al.,
2009). Bath application of 5 μM VU 0255035 did not block the hyperpolarizing response
nor did it alter the kinetics of the response (Fig. 2B, D). Furthermore, bath application of the
highly selective M5 PAM VU 0238429 (10 μM) (IC50 1.16 μM with >30-fold selectivity
over M1 and M3 and no efficacy at M2 or M4 receptors) (Bridges et al., 2009) also did not
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alter the amplitude or the kinetics of the response (Fig. 2C, D). In order to determine the
identity of the current responsible for the hyperpolarization, responses were recorded while
the cell was voltage clamped at different membrane potentials, from −50 mV to −120 mV
(Fig. 2G). The I–V plot indicated an inwardly rectifying current with a reversal potential of
−105.9 mV, near the estimated reversal potential of K+ (−100.4 mV, Fig. 2H). Therefore,
hyperpolarizing synaptic responses activated an inwardly rectifying potassium channel
through M4 receptor activation.

To ensure that the lack of M1 mediated responses in hippocampal interneurons was not due
to an ineffective M1 antagonist, we tested whether VU 0255035 could block a known M1
receptor mediated response in the hippocampus. It has previously been shown that bath
application of carbachol could induce an ADP (afterdepolarization) mediated by M1
receptors in CA1 pyramidal neurons (Dasari and Gulledge, 2011). We applied a 250–300 pA
depolarizing step to CA1 pyramidal neurons and measured the area of the membrane
potential following the current step (Fig. 2I, K). In control conditions, most pyramidal
neurons had little to no ADP (Fig. 2J, L black trace) but after 3 min of bath application of 10
μM carbachol an ADP emerged (Fig. 2J, L purple traces) in most CA1 pyramidal neurons
(14 of 16). The area of the ADP was measured 3 and 15 min after carbachol bath application
and no measureable decrease of the ADP was found between those two time points (Fig.
2M). In subsequent experiments, 5 min after a carbachol-induced ADP emerged, VU
0255035 (5 μM) was bath applied in the presence of carbachol. Within 3 min VU 0255035
completely blocked the carbachol-induced ADP (Fig. 2K, L, M). Therefore, these data
demonstrate that VU 0255035 is an effective M1 antagonist in mouse hippocampal slices.

3.3. Muscarinic depolarizing responses in CA1 interneurons are not dependent on M1, M4
or M5 receptors

Anatomical studies have reported that the M1 subtype is the most prevalent muscarinic
receptor subtype in the hippocampus (Levey et al., 1995) and may be the primary mediator
of cholinergic effects on cognition (Fornari et al., 2000; Caccamo et al., 2006; Soares et al.,
2006). To investigate whether the M1 receptor is responsible for depolarizing responses in
CA1 interneurons, the new highly selective M1 antagonist VU 0255035 (5 μM) or positive
allosteric modulator VU 0357017 (M1 PAM, 5 μM, EC50 = 830 nM, all other muscarinic
receptors EC50 > 30 μM) (Bridges et al., 2010) were bath applied to examine their effect on
depolarizing responses. The M1 PAM failed to alter the amplitude or kinetics of the
depolarizing response in any interneuron (Fig. 3C, D), and the M1 antagonist had no effect
on the depolarizing response to either long (Fig. 3B, D) or short burst stimuli (Fig. 3E, F) in
most cells (n = 21 out of 22). In addition to the ineffectiveness of the M1 receptor
pharmacology, both the M4 (Fig. 3B) and M5 (Fig. 3C) PAMs did not significantly alter the
amplitude (Fig. 3B–E) or kinetics of the depolarizing response. While M1, M4, and M5
receptor pharmacological manipulation failed to have a significant effect on nearly all
depolarizing responses, the amplitude of the depolarizing response to both short burst (Fig.
3E, F) and long burst (Fig. 3A, D) stimulation of ACh release was significantly inhibited by
the nonselective muscarinic antagonist atropine. The atropine inhibition coupled with the
lack of effect of glutamate and GABA antagonists (Fig. 3A, D) suggest a potential role for
M2 and/or M3 receptors in mediating the depolarizing responses.

Previous studies have suggested that muscarinic-dependent depolarizing responses in
hippocampal pyramidal neurons may result from the inhibition of an M-current (KCNQ
channel) (Rouse et al., 2000). To investigate a potential role of the M-current in the
depolarizing responses in CA1 interneurons, the KCNQ channel antagonist XE-991
dihydrochloride (2 μM) was bath applied to the slices. SR/SLM interneurons that
depolarized enough to fire action potentials in response to ACh release did not cease firing
when XE-991 was applied during flashes (n = 6 out of 6, Fig. 3G).
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To address whether the synaptically-driven depolarizing response could alter excitatory
transmission onto CA1 interneurons, paired pulse electrical stimulation of Schaffer
collaterals was delivered before, during, and after depolarizing responses (Fig. 3H).
Stimulation before flashes produced a pair of large EPSPs (Fig. 3H, inset left) that failed to
produce action potentials in hippocampal interneurons (0 of 5). In contrast, stimulation
applied during the synaptically-driven depolarization generated a pair of action potentials
(Fig. 3H, inset right) (n = 5). Finally, a similar paired pulse following the muscarinic
synaptic depolarization failed to produce action potentials (Fig. 3H).

Thus, these data illustrate that synaptically-activated muscarinic receptors on a subset of
interneurons can produce depolarizations that increase the excitability of those neurons.
Furthermore, these synaptic depolarizations are not due to the activation of M1, M4 or M5
receptors and do not involve the modulation of an M current. Due to a lack of highly
selective drugs, however, the role of M2 and M3 receptors could not be determined in our
assays.

3.4. Synaptically-activated muscarinic biphasic responses
In a subset of interneurons, long duration bursts of light flashes resulted in a fast
hyperpolarization (Fig. 4C, arrow indicates max amplitude) followed by a slow
depolarization (Fig. 4C, pink box). When flashes ceased, a fast depolarizing point of
inflection (Fig. 4C, grey box) occurred in most (78%, 32 of 41) interneurons. This fast
depolarizing phase resulted in action potentials in (56%, 23 of 41) of interneurons capable of
biphasic responses.

Each interneuron had varying response properties for the hyperpolarizing and depolarizing
phases of the biphasic response (Fig. 4A). The majority of interneurons (66%) that had
biphasic responses displayed a slow depolarizing phase that was larger in amplitude
compared to the hyperpolarizing phase. The remaining interneurons had larger
hyperpolarizing phases relative to the depolarizing phase (34%) (Fig. 4B). However, the
relative amplitude of the hyperpolarizing to the depolarizing phase varied considerably
between interneurons (Fig. 4B). Despite this variability, the mean ratio of depolarization to
hyperpolarization across all biphasic responses was 1.02 ± 0.17.

The hyperpolarizing phase of the biphasic response had similar properties to purely
hyperpolarizing responses (Figs. 4C and 2). The amplitude of the hyperpolarizing phase was
increased 58.8% compared to control levels (Fig. 4F) and the decay of the response (or rise
time of the ‘after’ flash depolarization) was prolonged 58.4% by the M4 PAM, VU 10010
(Fig. 4D, H). Importantly, the prolongation of the hyperpolarizing phase by VU 10010 was
sometimes capable of preventing the emergence of the slow depolarization (2 of 19 cells,
Fig. 4E) but more often the M4 PAM did not have a significant effect on the amplitude of
the depolarizing phase (Fig. 4G).

We next investigated a potential role for M1 or M5 receptors in the depolarizing or
hyperpolarizing phases of the biphasic response. Application of either the M1 antagonist or
M5 PAM did not have an effect on the amplitude of the hyperpolarizing (Fig. 4F) or
depolarizing (Fig. 4G) phases. Additionally, the rise time of the after flash depolarization
was not affected by the M1 antagonist or M5 PAM (Fig. 4H). Our data suggest that neither
M1 nor M5 receptors play a role in mediating biphasic responses.

The hyperpolarizing phase of the biphasic responses in CA1 hippocampal pyramidal
neurons may be due to the activation of SK channels (Gulledge and Kawaguchi, 2007). To
test this in our system, SK channels were blocked by apamin (2 μM). Unlike in pyramidal
neurons, apamin did not block the hyperpolarizing phase of the biphasic response nor did it
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affect the depolarizing phase (Fig. 4D, F–H). Therefore, our data suggest that the
hyperpolarizing phase of the muscarinic biphasic synaptic potentials in interneurons is due
to the activation of M4.

3.5. A subset of biphasic interneurons can be entrained to rhythmically burst
Interneurons that respond to persistent application of muscarinic agonists with oscillating
responses have been previously described (McQuiston and Madison, 1999a). However,
rhythmic responses due to synaptic release of ACh have not been investigated. Thus we
examined the activity of biphasic interneurons when ACh was rhythmically released from
presynaptic terminals. We found that a subset of biphasic interneurons (see Fig. 4B, yellow
points, 9 of 41 biphasic interneurons) could be entrained to fire bursts of action potentials
following rhythmic flashes of blue light (Fig. 5A).

Because the hyperpolarizing phase of the biphasic response was mediated by M4 receptors,
we investigated whether the M4 PAM could affect the rhythmic entrainment of biphasic
interneurons. Bath application of VU 10010 produced a potentiation and prolongation of the
hyperpolarizing phase of the biphasic response that resulted in a significant reduction in the
number of action potentials produced during each burst (Fig. 5D) and a delay in the time to
the first action potential for each burst (Fig. 5B, C). On average, the M4 PAM significantly
delayed the time to the first action potential 977.5 ms ± 165.1 and reduced the number of
action potentials per burst by 42.6% ± 12.8. Thus, a subset of biphasic responding
interneurons can be entrained to burst by the rhythmic release of ACh. Furthermore, M4
PAMs modulated the properties of these rhythmic bursts.

3.6. Different amounts of presynaptic activity and ACh concentrations are required for
different types of postsynaptic responses

As described in the previous experiments, short trains of stimuli (10 × 20 Hz) were not
sufficient to consistently produce the depolarizing component of a biphasic response. This
observation suggests that enhanced presynaptic activity and/or larger concentrations of
extracellular ACh may be required to produce depolarizing muscarinic synaptic events.
Therefore, we investigated the presynaptic activity and extracellular ACh concentration
requirements for both depolarizing and hyperpolarizing synaptic responses. By comparing
the response amplitudes resulting from short trains of stimuli (Fig. 6A,B left traces,10 × 20
Hz) to long trains of stimuli (Fig. 6A,B right traces, 120 × 20 Hz), we found that
hyperpolarizing responses were more likely to be produced by short blue light flashes
compared to depolarizing responses (Figs. 6F, 91.1% (51 of 56) hyperpolarization, 41.8%
(41 of 99) depolarization). Furthermore, for interneurons that responded to short flashes of
blue light, we found that when the number of flashes was increased to 120, the amplitude of
the response increased proportionately more for depolarizing responses than for
hyperpolarizing responses (Fig. 6C–E, 348% versus 161%, respectively). Therefore, our
data suggest that lower levels of presynaptic activity favor the suppression of a subset of
interneurons through hyperpolarization whereas higher levels of presynaptic activity recruit
a different subset of depolarizing interneurons.

One explanation for the observation that depolarizing muscarinic synaptic responses were
more often produced by longer trains of stimuli is that larger concentrations of extracellular
ACh are required to activate muscarinic receptors that mediate the depolarizing responses.
To test this, we used the acetylcholinesterase inhibitor physostigmine to increase the
concentration of extracellular ACh. We found that bath application of physostigmine (10
μM) produced a significant increase in the area measurement of hyperpolarizing and
depolarizing responses (Fig. 7C). Although both response types displayed an increase in
their average decay time (Fig. 7D), only depolarizing responses displayed an increase in the
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average amplitude in the presence of physostigmine (Fig. 7E). Furthermore, the increase in
decay time was significantly larger for depolarizing responses than for hyperpolarizing
responses, suggesting a differential response to physostigmine that may be explained by the
increased extracellular levels of ACh.

3.7. Can the somatic location or Interneuron morphology be correlated with postsynaptic
muscarinic response types?

In interneurons that responded to synaptically released ACh (n = 335), 79.7% had
muscarinic dependent responses while 17.3% had nicotinic-dependent responses (for
nicotinic-dependent response see (Bell et al., 2011)). Only 3% of interneurons had responses
with both nicotinic and muscarinic components (data not shown). Of the CA1 interneurons
that displayed synaptic muscarinic responses, depolarizing responses were the most
prevalent (40%) followed by hyperpolarizing (35%) and biphasic (25%) responses (Fig.
8K). However, the proportion of the different response types (hyperpolarizing, depolarizing,
and biphasic) varied depending upon the anatomical layer in which the interneuron cell body
resided. 74% of interneurons whose cell bodies resided between stratum pyramidale (SP)
and the alveus (stratum oriens, SO) had responses with hyperpolarizing components
(hyperpolarization + biphasic responses) whereas the majority (83%) of interneurons in
stratum lacunosum-moleculare (SLM) and stratum radiatum (SR) had a depolarizing
component (depolarization + biphasic responses) (Fig. 8K).

It has been suggested that morphologically identified interneuron subclasses serve specific
functions depending on brain state (Klausberger and Somogyi, 2008). To identify whether
particular response types could be correlated to known morphological classes of
interneurons, biocytin was added to our patch pipette and filled cells were reconstructed post
hoc from confocal images. While we found that the response type was correlated to the
soma location (Fig. 8K), we could not correlate specific response types to discrete
morphological subclasses of interneurons. Because the extent of biocytin fills varied from
cell to cell, precise identification of interneuron subclasses was not possible for all
reconstructed cells. For most cells, we designated them as dendritically or somatically
projecting interneurons. However, we were able to determine that individual somatically
projecting neurons (likely parvalbumin basket cells) had responses that were depolarizing
(Fig. 8E), hyperpolarizing (Fig. 8H,I), or biphasic (not shown). Furthermore, individual
SLM/SR interneurons with dendritic projections could also be either hyperpolarizing (Fig.
8J), depolarizing (Fig. 8F,G), or biphasic (Fig. 8D). Thus, our results demonstrate that the
morphology of an interneuron does not predict an interneuron’s response to synaptically
released ACh.

3.8. Postsynaptic muscarinic response types do not have specific electrophysiological
phenotypes

We characterized the electrophysiological properties of interneurons displaying muscarinic
responses by injecting depolarizing and hyperpolarizing currents. We attempted to
categorize interneurons based on their firing patterns in response to supra-threshold
depolarizing current injections and by the presence or absence of a depolarizing sag in the
membrane potential in response to hyperpolarizing current injections.

Each interneuron was classified by three independent measures (Table 1). First (Table 1 left
two columns) we classified interneurons on their firing frequency as either fast spiking (FS)
or not fast spiking (non-FS). Second (Table 1 middle two columns) we classified
interneurons as either producing an accommodating or non-accommodating train of action
potentials. And third (Table 1 right two columns) we classified interneurons as producing or
not producing a depolarizing sag in the membrane potential in response to a hyperpolarizing
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current injection. Fast spiking interneurons, classified by firing rates of greater than 200 Hz
in response to a 200 pA depolarizing current, were observed for each of the three synaptic
muscarinic response types (Fig. 9A–C). Accommodation of APs was classified by the ratio
of the initial and last inter-AP interval. Interneurons with ratios greater than 1.2 were
considered accommodating while interneurons with ratios less than 1.2 were considering
non-accommodating. Accommodating and non-accommodating interneurons were found for
each response type (Table 1). In addition, interneurons could not be classified by the
presence or absence of a depolarizing sag in response to hyperpolarizing current injection.
Interneurons with (Fig. 9D–F) and without (Fig. 9A–C) a depolarizing sag were found for
all response types (Table 1). Furthermore, of the 9 biphasic interneurons capable of being
entrained by rhythmic release of ACh, 5 interneurons (Fig. 9F) had a depolarizing sag while
4 interneurons (Fig. 9C) did not.

4. Discussion
Previous studies have shown that muscarinic receptor activation in CA1 interneurons is
capable of producing three types of responses: hyperpolarizing, depolarizing, and biphasic
responses (McQuiston and Madison, 1999a; Widmer et al., 2006). Our results demonstrate
that the probability of producing a particular response depends on the presynaptic activity of
cholinergic MS/DBB nerve terminals. In particular, synaptic muscarinic depolarizing
responses required more presynaptic activity than that required to produce hyperpolarizing
responses. Thus low levels of activity in cholinergic MS/DBB neurons would be expected to
mainly suppress a subset of hyperpolarizing interneurons whereas increased amounts of
cholinergic MS/DBB activity may recruit a different subset of interneurons with
depolarizing responses. Furthermore, a subset of biphasic responding interneurons could be
entrained to burst by the rhythmic activation of cholinergic terminals. The requirement for
more activity to produce muscarinic depolarizing responses resulted in part from a need for
higher ACh extracellular concentrations for their full activation. In addition, the kinetics of
the different response types varied. Hyperpolarizing responses were faster (more phasic-
like) and depolarizing responses were slower and more prolonged (tonic-like).
Pharmacologically, the muscarinic synaptic hyperpolarizing responses were mediated by the
activation of M4 receptors whereas muscarinic receptors mediating the depolarizing synaptic
responses could not be identified although M1, M4, or M5 receptors do not appear to be
involved. Despite interneurons having different functional and pharmacological synaptic
muscarinic responses, interneuron response types did not correlate with known
morphological or physiological classifications for CA1 interneurons.

4.1. Different response types require different presynaptic activity
The firing rates of cholinergic neurons in the MS/DBB during different brain states remain
unknown. Initial studies that used extracellular action potential waveforms as a method to
identify cholinergic neurons in the MS/DBB have suggested that MS/DBB cholinergic
neurons fire at approximately 20 Hz and can fire burst of action potentials with
instantaneous frequencies greater than 100 Hz during theta rhythms (Brazhnik and Fox,
1997, 1999; King et al., 1998). These data are consistent with the firing behavior of
anatomically identified basal forebrain cholinergic neurons that innervate the neocortex
(Manns et al., 2000, 2003; Lee et al., 2005). In contrast, more recent studies using in vivo
juxtacellular recordings have suggested that MS/DBB cholinergic neurons fire at low
frequencies (<4 Hz) (Simon et al., 2006). However, these latter studies were limited to four
anatomically identified MS/DBB cholinergic neurons. Thus, there may be a subset of MS/
DBB cholinergic neurons that fire at higher frequencies and burst during theta rhythms that
were not detected by these studies. Our data suggests that a small number of presynaptic
action potentials will preferentially hyperpolarize a subset of interneurons. Increasing the
number of action potentials will enhance the excitability of a different subset of interneurons
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through direct muscarinic depolarization. And finally, depending on the firing pattern of
MS/DBB cholinergic neurons, some interneurons may be entrained to burst through the
rhythmic release of ACh. However, because it remains unclear how MS/DBB cholinergic
neurons fire in awaked behaving animals, it is unknown whether imposed rhythms actually
occur in vivo. But the biphasic nature of some of these interneurons may permit MS/DBB
cholinergic activity to dynamically regulate the activity biphasic interneurons on the
timescale of hundreds of milliseconds to seconds.

4.2. Different response types require different concentrations of extracellular ACh and
have different kinetics

Our data have demonstrated that a larger number of presynaptic action potentials were
required to produce muscarinic depolarizing synaptic potentials compared to
hyperpolarizing synaptic responses in hippocampal CA1 interneurons. Furthermore,
elevating extracellular concentrations of ACh through the use of an acetylcholinesterase
inhibitor increased muscarinic synaptic depolarizations to a significantly greater extent than
hyperpolarizations. Taken together, these observations suggest that muscarinic receptors
mediating the synaptic depolarization are not saturated whereas those mediating the synaptic
hyperpolarization may be closer to saturation following the release of ACh. These
observations can be interpreted in a number of ways. First, muscarinic receptor subtypes
mediating these two different synaptic responses may have different affinities for ACh.
However, it remains unclear whether the five types of muscarinic receptors have different
affinities for ACh (Hulme et al., 1990). Second, muscarinic receptors mediating depolarizing
responses may be located further away from ACh release sites than those receptors
mediating hyperpolarizing synaptic responses. Indeed, only 7% of cholinergic terminals in
the hippocampus (Umbriaco et al., 1995) and 15% in the neocortex (Umbriaco et al., 1994)
were demonstrated to have postsynaptic specializations: ACh’s action on neurons was
thought to be via volume transmission (Descarries et al., 1997) rather than classical synaptic
activation. However, others have found that the majority of cholinergic terminals (66%) in
the neocortex do appear to form classical synapses with post-synaptic specializations
(Turrini et al., 2001). Thus, it remains possible that ACh release sites that produce
hyperpolarizing responses are classical synapses whereas depolarizing interneurons respond
to ACh through volume transmission. One other possible mechanism to explain our findings
may be that there is a differential distribution of acetylcholinesterase throughout the
hippocampus (Vijayan, 1979). It is possible that ACh release sites and muscarinic receptors
mediating hyperpolarizing responses may be surrounded by lower concentrations of
acetylcholinesterase. This would effectively increase the concentration of ACh near
cholinergic terminals that produce hyperpolarizing responses relative to terminals that
produce depolarizing responses.

Our data have also demonstrated that cholinergic synaptic depolarizations and
hyperpolarizations differed in their kinetics. More specifically, hyperpolarizations had faster
rates of rise and decay times. These observations may result from a variety of mechanisms.
First, the differences in the kinetics could be explained by the location of the muscarinic
receptors mediating the two different responses. Receptors mediating the muscarinic
synaptic depolarizing responses may be located further away from ACh release sites
therefore requiring more time for diffusion and therefore a slower rise time. Because
depolarizing synaptic responses typically required more presynaptic action potentials, ACh
terminals mediating the postsynaptic depolarizing responses may have a lower probability of
release thereby producing a slower rise in extracellular ACh concentrations. Finally, the
differences in kinetics may be due to the receptor-effector mechanisms mediating the
different response types. The interneuron hyperpolarizing synaptic response has been shown
to be mediated by the activation of an inwardly rectifying potassium channel (McQuiston
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and Madison, 1999a). This likely involves direct G-protein coupling between Gi and a
potassium channel (Brown, 2010). In contrast, the mechanism producing the depolarizing
synaptic response remains unknown; however, the mechanism mediating the depolarization
may involve a cascade of intracellular events that requires more time to produce an
electrophysiological response.

4.3. Muscarinic receptor subtypes mediating the different synaptic potentials
All five muscarinic receptor subtypes are expressed in the hippocampus (Wall et al., 1992).
Our pharmacological data has shown that M4 receptors mediate, at least in part, the
muscarinic synaptic hyperpolarization in hippocampal CA1 interneurons. Although the
muscarinic receptor subtype mediating the synaptic depolarization could not be
unequivocally identified pharmacologically, the depolarization is likely mediated by either
the M2 or M3 receptor. Unfortunately, the proximity of different muscarinic subtypes in the
hippocampus relative to their corresponding cholinergic terminals is unknown. However,
evidence from striatum suggests that M4 receptors are found in postsynaptic densities
whereas M1 and M3 are found mostly extrasynaptically in both striatum (Hersch et al., 1994)
and neocortex (Mrzljak et al., 1993). If the hippocampus has a similar distribution of
muscarinic receptors as striatum and neocortex, then our pharmacological data strengthens
the hypothesis that the hyperpolarizing synaptic responses are faster and require less
transmitter release due to the closer proximity of M4 receptors to presynaptic terminal
release sites.

4.4. Muscarinic dependent synaptic responses do not correlate with known morphological
or physiological classes of CA1 interneurons

Hippocampal interneurons have been classified into different subtypes based on their
morphology, synaptic connectivity, neurotransmitter content, firing properties, and
responses to neurotransmitters (Freund and Buzsaki, 1996; Parra et al., 1998; Klausberger
and Somogyi, 2008). Previous studies that attempted to correlate interneuron morphology to
muscarinic responses failed to show any morphological correlation (Parra et al., 1998;
McQuiston and Madison, 1999b, 1999a). However, other studies have suggested that some
morphological classes of interneurons do correlate with muscarinic receptor driven changes
in interneuron excitability (McMahon et al., 1998; Lawrence et al., 2006; Cea-del Rio et al.,
2010, 2011). Using morphological classifications, we did not find correlations between
interneuron axonal or dendritic projections and muscarinic response type. Hyperpolarizing,
depolarizing and biphasic responses were found in interneurons with perisomatic or
dendritic axonal projections. In contrast, we did find a correlation between soma position
and response type. More specifically, SO interneurons (which contain both perisomatic and
dendritic projecting interneurons) were more likely to have a hyperpolarizing component
and SLM/SR interneurons were more likely to have a depolarizing component in their
muscarinic synaptic response.

Attempts have been made to classify hippocampal interneurons based on their
electrophysiological properties (Freund and Buzaski, 1996). In an attempt to determine
whether interneurons with different muscarinic synaptic responses belonged to a specific
physiological class of hippocampal interneuron, we examined each interneuron’s firing
patterns (fast spiking vs regular spiking and accommodating vs non accommodating) and
passive electrophysiological responses (presence or absence of a depolarizing sag during
hyperpolarizing current injections). Our data showed that the muscarinic synaptic response
types could not be specifically correlated with any of the measured electrophysiological
properties. Therefore, interneurons with different muscarinic synaptic responses do not
belong to discrete electrophysiological classes.
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5. Conclusions
We have demonstrated that MS/DBB cholinergic inputs can engage different subsets of
hippocampal interneurons depending on MS/DBB cholinergic terminal activity and
hippocampal ACh concentrations. Furthermore, treatment with acetylcholinesterase
inhibitors does not uniformly increase cholinergic effects, but instead has a larger impact on
interneuron subsets depolarized by synaptic muscarinic receptor activation. In contrast,
specific subsets of interneurons hyperpolarized by synaptic muscarinic receptor activation
could be selectively potentiated by M4 positive allosteric modulators. These findings may
have broader implications as methods are developed to improve cholinergic function in the
treatment of neurological diseases involving cholinergic dysfunction such as Alzheimer’s
disease.
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Abbreviations

ACh acetylcholine

ANOVA analysis of variance

ANT antagonist

AP action potential

APV DL-2-Amino-5-phosphonopentanoic acid

BIC bicuculline

CA1 cornu ammon 1

Chat choline acetyltransferase

DIC differential interference contrast

DNQX 6,7-Dinitroquinoxaline-2,3-dione

EPSP excitatory postsynaptic potential

IPSP inhibitory postsynaptic potential

LED light emitting diode

MS/DBB medial septum/diagonal band of Broca complex

PAM positive allosteric modulator

rAAV recombinant adeno-associated virus

SC Schaffer collateral

SEM standard error of the mean

SLM stratum lacunosum-moleculare

SO stratum oriens

SP stratum pyramidale

SR stratum radiatum
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Fig. 1.
Acetylcholine (ACh) release from medial septum/diagonal band of Broca (MS/DBB)
terminals produced three different response types in hippocampal CA1 interneurons. A.
Schematic illustrating experimental system. MS/DBB Chat-Cre neurons were infected with
rAAV-Flex-rev-oChIEF-tdTomato resulting in oChIEF-tdTomato expressing cholinergic
axonal terminals in CA1. ACh release was evoked by blue light flashes. Responses to ACh
release were recorded in CA1 interneurons using whole cell patch clamp techniques. B–D.
ACh release produced muscarinic-dependent responses (black traces) in CA1 interneurons.
Ten light flashes (blue vertical lines, 1 ms duration) at 20 Hz (10 × 20 Hz) generated either
hyperpolarizing (B), depolarizing (C), or biphasic responses (D) that were blocked by 5 μM
atropine (green traces). E. Histogram showing the average amplitude of the depolarizing (n
= 49) and hyperpolarizing (n = 51) responses. F. Histogram showing that the average rise
and decay time of depolarizing responses were significantly slower than hyperpolarizing
responses (t-test, rise p < 0.001, decay p < 0.01). Hyperpolarizing (G), depolarizing (H) and
biphasic responses (I) were also observed when the duration of the flash burst was increased
(120 × 20 Hz). In some cells, depolarizing (H inset) and biphasic (I inset) responses to 120 ×
20 Hz flashes resulted in action potential firing. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2.
M4 receptors modulate hyperpolarizing responses in CA1 interneurons. A–C. Muscarinic
inhibitory postsynaptic potentials (IPSP) induced by 10 (left traces) and 120 (right traces)
blue light flashes at 20 Hz. The M4 PAM (VU 10010, 5 μM) (A, orange trace) potentiated
the IPSP amplitude for both the short trains (10 × 20 Hz) and prolonged (120 × 20 Hz)
bursts of light. Ionotropic glutamate and GABAA–B receptor antagonists (APV 50 μM,
DNQX 30 μM, bicuculline 25 μM, CGP 55845 10 μM) (B, purple trace) did not block the
IPSP. M1 antagonist (VU 0255035, 10 μM) (B, blue trace) and M5 positive allosteric
modulator (PAM) (VU 0238429, 5 μM) (C, grey trace) also had no effect on the IPSP. D.
Histogram illustrating the normalized amplitude of muscarinic IPSPs in the presence
ionotropic glutamate and GABAA–B receptor antagonists (pink) (n = 17), M1 antagonist
(blue) (n = 11), M5 PAM (grey) (n = 5), M4 PAM (orange) (n = 28) or atropine (green) (n =
18) (one-way ANOVA, p < 0.001, Bonferroni post hoc test p < 0.001 for atropine and M4
PAM). E. Example trace illustrating that M4 PAM prolonged IPSP decay time constant
(orange trace). F. Histogram showing that M4 PAM significantly prolonged the decay time
constant of the hyperpolarizing response (one-way ANOVA, p < 0.001, Bonferroni post hoc
test p < 0.001, n = 20). G–H. Voltage clamp recordings of the inhibitory muscarinic
response held at different potentials. Reversal potential was −105.9 mV, consistent with an
inwardly rectifying K+ current. I. Responses of a CA1 pyramidal neuron to depolarizing
current injection (600 ms) before 10 μM carbachol (black traces), 3 min (light purple) and
15 min (dark purple) after 10 μM carbachol. J. Traces in I. expanded and superimposed
show the emergence of an afterdepolarization (ADPs) 3 and 15 min post application of
carbachol. K. Traces (L, expanded trace showing ADP) demonstrating that the carbachol-
induced ADP (purple) was blocked within 3 min of bath application of VU 0255035 (5 μM,
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blue). M. Histogram showing carbachol induced an ADP after 3 min of carbachol (middle
bars) bath application (one-way ANOVA, p < 0.001, Bonferroni post hoc test p < 0.001). No
difference in the size of the ADP was found between bath application of carbachol 3 and 15
min after application (one-way ANOVA, p < 0.001, Bonferroni post hoc test n/s, n = 5). In
contrast, VU 0255035 significantly blocked the ADP in all pyramidal neurons tested within
3 min of bath application with carbachol (one-way ANOVA, p < 0.001, Bonferroni post hoc
test p < 0.001, n = 9). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3.
Muscarinic-dependent slow depolarization in CA1 interneurons is not mediated by M1, M4
or M5 receptors. A–C. Example of muscarinic excitatory postsynaptic potentials (EPSPs). A.
Atropine (green trace) but not ionotropic glutamate and GABAA-B receptor antagonists
(purple trace) (APV 50 μM, DNQX 30 μM, bicuculline 25 μM, CGP 55845 10 μM) blocked
the EPSPs. B. M1 antagonist (VU 0255035, 10 μM) (blue trace) (n = 21) and M4 PAM (VU
10010, 5 μM) (orange trace) (n = 13) had no effect on the EPSP amplitude. C. M1 PAM (VU
0357017, 5 μM) (light blue trace) (n = 11) and M5 PAM (VU 0238429, 5 μM) (grey trace)
(n = 7) also had no effect on the EPSP amplitude. D. Histogram of normalized EPSP
amplitudes. Only atropine (5 μM) affected muscarinic EPSPs elicited by 120 × 20 Hz blue
light flashes (one-way ANOVA, p < 0.01, Bonferroni post hoc test p < 0.001, n = 15). E.
Example traces of a muscarinic EPSP evoked by 10 flashes at 20 Hz. M1 antagonist (VU
0255035, 10 μM) (n = 9) (E, blue trace) and M4 PAM (VU 10010, 5 μM) (E, orange trace)
(n = 5) had no effect on the normalized amplitude of the EPSP (F) Only atropine
significantly affected depolarizations evoked by 10 flashes of light (one-way ANOVA, p <
0.001, Bonferroni post hoc test p < 0.001, n = 18). G. Example trace demonstrating that a
selective KCNQ channel blocker (XE-991 dihydrochloride, 2 μM) (red trace) did not block
the muscarinic-dependent slow depolarization (n = 6). H. Muscarinic EPSP converted
subthreshold Schaffer-collateral EPSPs into EPSPs that produced action potentials (inset,
right) (n = 5). Action potentials have been clipped for illustrative purposes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4.
Biphasic responses: Variable responses and dependence on M4-mediated fast
hyperpolarizations. A. Four examples of different interneurons with biphasic responses of
varying amplitudes and kinetics. B. Plot of the depolarizing amplitude vs. the
hyperpolarizing amplitude of interneurons with biphasic responses demonstrates the large
variability between cells (yellow – interneurons that had rhythmic biphasic responses – see
Fig. 5). C. Traces of biphasic responses with an initial IPSP (amplitude black arrow)
followed by a slow depolarizing decay (pink box) in response to 120 blue light flashes at 20
Hz. A post-flash rebound depolarization (grey box) followed the initial slow depolarization.
Ionotropic glutamate and GABAA-B receptor antagonists (APV 50 μM, DNQX 30 μM,
bicuculline 25 μM, CGP 55845 10 μM) (purple trace) (n = 10) did not inhibit either the IPSP
or EPSP. M1 antagonist (VU 0255035, 10 μM) (blue trace) (n = 6) also did not block either
the IPSP or EPSP. D. M5 PAM (VU 0238429, 5 μM) (red trace) (n = 6), and SK channel
blocker (apamin, 2 μM) (blue trace) (n = 6) had little effect on either the depolarizing or
hyperpolarization responses. M4 PAM (VU 10010, 5 μM) (orange trace) did potentiate the
hyperpolarizing amplitude and the rise time of the post flash depolarization (n = 19). In
some cases (2 of 19), the M4 PAM effect resulted in the elimination of the slow
depolarization (E, action potentials have been clipped). F, G. Histogram of the normalized
amplitudes of the depolarizing and hyperpolarizing phases of biphasically responding
interneurons. Atropine blocked both the hyperpolarization and the depolarization (one-way
ANOVA, p < 0.01, Bonferroni post hoc test p < 0.001, n = 12) whereas the M4 PAM
potentiated the hyperpolarizing amplitude (Bonferroni post hoc test p < 0.001, n = 19). H.
The rise time of the after flash depolarization was significantly increased in the presence of
M4 PAM (one-way ANOVA, p < 0.001, Bonferroni post hoc test p < 0.001, n = 19). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5.
A subset of biphasic cells was capable of rhythmic bursting following repetitive ACh
synaptic release. A. Current clamp traces of responses to prolonged light flashes (120 × 20
Hz) followed by short repetitive (0.6 Hz) burst flashes (10 × 20 Hz) produced phasic
bursting of action potentials. Bath application of M4 PAM increased both the amplitude and
decay time of the hyperpolarization phase (A–B, orange trace) (n = 8). C. Histogram of the
delay to first action potential following a 10 × 20 Hz burst of blue light. M4 PAM delayed
the firing of the first action potential across most bursts (t-test, p < 0.05–0.001, n = 8). D.
Histogram of the number of action potentials per burst. M4 PAM reduced the total number
of action potentials for all eight bursts of light (t-test, p < 0.01–0.001, n = 8).
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Fig. 6.
Muscarinic EPSPs in CA1 interneurons require more presynaptic activity than muscarinic
IPSPs. A–B. Current clamp recordings from interneurons that produced muscarinic
depolarizations (A, green traces) or hyperpolarizations (B, red traces) in response to 10 (left
traces) and 120 flashes (right traces) at 20 Hz. C-D. Plot of all amplitudes for all
interneurons with depolarizing (C) and hyperpolarizing (D) responses to 10 (left) and 120
(right) flashes at 20 Hz (grey, dotted lines). Average amplitudes across all cells are shown
by the solid color lines. E. Histogram showing the percent increases in response amplitude
when longer trains of flashes were used (120 × 20 Hz compared to 10 × 20 Hz flashes).
Depolarizing responses showed larger relative increases in response amplitudes with longer
trains of flashes (t-test, p < 0.001, n = 11 depol, 23 hype). F. A plot of the percentage of cells
with detectable responses to 10 × 20 Hz flashes for both hyperpolarizing and depolarizing
muscarinic responses. There was a higher probability of observing hyperpolarizing
muscarinic responses compared to depolarizing responses (t-test, p < 0.01, n = 99 depol, 56
hype). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7.
Inhibition of acetylcholinesterase increased the amplitude of muscarinic depolarizing but not
hyperpolarizing responses. A, B. Current clamp recordings illustrating the effect of
acetylcholinesterase inhibitor physostigmine (10 μM) on 2 different depolarizing responses
(A) and one hyperpolarizing (B) response. In some cases physostigmine converted a
subthreshold depolarizing response into one that evoked action potentials (A top example, 5
of 8 cells). C. Histogram of the area (normalized) of depolarizing and hyperpolarizing
muscarinic responses (t-test, p < 0.001, n = 10 depol, 9 hype) D. Histogram of the decay
times (normalized) for depolarizing and hyperpolarizing responses. Both depolarizing (n =
10) and hyperpolarizing (n = 9) areas and decay times were increased significantly increased
(t-test, p < 0.001) by physostigmine. E. Histogram of the normalized amplitude of
depolarizing and hyperpolarizing muscarinic responses. Physostigmine significantly
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increased depolarizing responses (t-test, p < 0.001, n = 10) but not hyperpolarizing
responses (n = 9). Dotted lines (C–E) indicate the normalized unity value.
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Fig. 8.
Morphology of interneurons with muscarinic synaptic responses. Axonal arborizations are
depicted in red and dendrites are depicted in green. In cases where the axonal projection
could not be identified from the dendritic projection all projections were labeled in black.
Examples of perisomatic projecting SO interneurons that responded to ACh synaptic release
with depolarizing (E) and hyperpolarizing (H, I) responses. Examples of dendritically
projecting SR/SLM interneurons that responded to ACh synaptic release with biphasic (B),
depolarizing (F, G), and hyperpolarizing (J) responses. Example morphology of
multilaminar projecting interneurons that responded to ACh synaptic release with biphasic
(C) and depolarizing responses (D). (A) Example morphology of a bistratified interneuron
that responded to ACh synaptic release with a biphasic response (scale bar = 100 μm). K.
Histogram showing a greater number of responses containing a depolarizing component was
observed in SR/SLM interneurons (127 of 153 SR/SLM interneurons compared to 42 of 101
SO interneurons, Fisher’s Exact Test, two-tailed p < 0.001) and more responses with a
hyperpolarizing component were found in SO interneurons (76 of 101 SO interneurons
compared to 78 of 153 SR/SLM, Fisher’s Exact Test, two-tailed p < 0.001).
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Fig. 9.
Active and passive electrophysiological properties of interneurons with muscarinic synaptic
responses. Example of fast spiking interneurons that displayed hyperpolarizing (A),
depolarizing (B), and biphasic (C) muscarinic synaptic responses. Example of interneurons
with depolarizing sag that displayed hyperpolarizing (D), depolarizing (E), and biphasic (F)
muscarinic synaptic responses.
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