
CURRICULUM VITAE

Daniel A. Nagode
University of Maryland School of Medicine

Department of Physiology

EDUCATION

2007 - 2012
University of Maryland School of Medicine
Ph.D. in Molecular Medicine
Cumulative GPA: 4.0

2001 - 2006
The Pennsylvania State University
B.S. in Biology (Neuroscience concentration) 
Cumulative GPA: 3.7

POSITIONS

2007 - 2012
University of Maryland School of Medicine 
Graduate Research Assistant
Advisor: Dr. Bradley E. Alger, Professor of Physiology and Psychiatry
Thesis Project: Optogenetic dissection of interneuron microcircuits driving cholinergically-
generated oscillations in the hippocampus

2006 -2007
Walter Reed Army Institute of Research
Division of Military Casualty Research 
Undergraduate/Post-Baccalaureate Researcher 
Supervisor: Dr. Debra Yourick
Project: Exploring novel treatment regimens for nerve agent-induced seizures and 
neurological deficits

2004
Walter Reed Army Institute of Research 
Division of Neuroscience 
Undergraduate Researcher
Supervisor: Dr. Richard Bauman
Project: Examining the efficacy of neuroprotectants against combat-induced traumatic brain 
injury



AWARDS AND HONORS

2011
Ruth L. Kirschstein National Research Service Award for Individual Predoctoral Fellows 
NINDS
Grant# 1 F31 NS074880-01
Title: Regulation of Cholinergic Transmission and Theta Rhythms by Endocannabinoids

2006 - 2007
Fellowship
Science and Engineering Apprenticeship Program for College Qualified Leaders 
George Washington University and U.S. Department of Defense

2006
Nominated
Penn State Co-op Student of the Year

2004
Fellowship
Science and Engineering Apprenticeship Program for College Qualified Leaders 
George Washington University and U.S. Department of Defense

2004
Hammond Scholarship for Science 
Penn State University

2002 - 2005
Pennsylvania Science and Technology Scholarship
State of Pennsylvania

INVITED PRESENTATIONS

2011
Speaker
Gordon Research Conference on Cannabinoid Function in the CNS 
Les Diablerets, Switzerland
Title: Regulation of cholinergically-generated hippocampal rhythms by endocannabinoids: 
electrophysiological and optogenetic approaches

2011
Discussion Leader
Gordon-Kenan Research Seminar on Cannabinoid Function in the CNS: Dysregulation of the 
Endocannabinoid System and Ensuing Pathological States
Les Diablerets, Switzerland
Session Title: Regulation of the endocannabinoid system at the molecular level



PUBLICATIONS

D.A. NAGODE, A.-H. TANG, M.K. KARSON, M. KLUGMANN, B.E. ALGER (2011) 
Optogenetic release of ACh induces rhythmic bursts of perisomatic IPSCs in hippocampus. 
PLoS One. 16 Nov 2011.

A.-H. TANG, M.A. KARSON, D.A. NAGODE, J.M. MCINTOSH, V. UEBELE, J.J. 
RENGER, M. KLUGMANN, T.A. MILNER, B.E. ALGER (2011) Nerve terminal nAChRs 
initiate quantal GABA release from perisomatic interneurons by activating axonal T-type 
(Cav3) Ca2+ channels and Ca2+ release from stores. J Neurosci. 31(38):13546-13561.

MEETING ABSTRACTS

D. NAGODE, A.-H. TANG, B. E. ALGER (2011) Optogenetic activation of cholinergic 
axons generates low-frequency inhibitory oscillations in the hippocampus by driving 
perisomatic-targeting interneurons. Society for Neuroscience Annual Meeting, Washington, 
DC, USA.

D. A. NAGODE and B.E. ALGER (2010) Modulation of synaptic transmission in the 
hippocampal CA1 region by endogenous acetylcholine: novel findings and approaches. 
Society for Neuroscience Annual Meeting, San Diego, CA, USA.

D. A. NAGODE, W. R. RANDALL, W. P. FAWCETT, E. X. ALBUQUERQUE, E. F. R. 
PEREIRA (2008) Mechanisms underlying differences in the sensitivity of blood and brain 
acetylcholinesterase to inhibition by galantamine. Society for Neuroscience Annual Meeting, 
Washington, DC, USA.

S. V. KARNUP, D. NAGODE, Y. ARACAVA, E. F. R. PEREIRA, E. X. ALBUQUERQUE 
(2008) Galantamine attenuates the potentiating effect of soman on long-term potentiation in 
the guinea pig hippocampus. Society for Neuroscience Annual Meeting, Washington, DC, 
USA.

S. V. KARNUP, D. A. NAGODE, Y. ARACAVA, E. F. R. PEREIRA, E. X. 
ALBUQUERQUE (2007) Effects of antidotal galantamine dose on synaptic transmission in 
hippocampus and basolateral amygdala. Society for Neuroscience Annual Meeting, San 
Diego, CA, USA.

M. D. FURTADO, L. LUMLEY, R. BAUMAN, S. COHN, D. NAGODE, J.
WATERHOUSE, L. TONG, C. ROBISON, D. YOURICK (2007) Evaluation of and 
therapeutic approaches to behavioral and electrographic seizures after exposure to 
organophosphorus compounds. Society for Neuroscience Annual Meeting, San Diego, CA, 
USA.

D. L. YOURICK, J. TENENBAUM, S. COHN, C. ROBISON, R. A. BAUMAN, D. 
NAGODE, L. A. LUMLEY (2006) Neuropathology, seizure duration, and behavioral studies 
of the neuroprotective potential of excitatory amino acid receptor effectors after soman 
exposure. Society for Neuroscience Annual Meeting, Atlanta, GA, USA.



Abstract

Title of Dissertation: Optogenetic Dissection of Interneuron Microcircuits Driving 
Cholinergically - Activated Rhythms in CA1 Hippocampus

Daniel A. Nagode, Doctor of Philosophy, 2012

Dissertation Directed by: Dr. Bradley E. Alger, Professor, Department of Physiology

Perisomatic GABAergic inhibition is thought to play a prominent role in hippocampal 

oscillations associated with the release of acetylcholine (ACh) from septal cholinergic 

afferents. A prominent hypothesis states that parvalbumin (PV)–containing basket cells, 

activated concurrently by ACh and fast glutamatergic input, drive these rhythms. 

However, this model – generated solely from in vitro studies using bath application of 

cholinergic agonists – has never been tested under conditions of endogenous ACh 

release. To investigate the selective effects of endogenous ACh on inhibitory 

microcircuits in slices, we have taken an optogenetic approach by injecting choline 

acetyltransferase (ChAT)-Cre mice with a Cre-dependent AAV vector carrying the light-

activated cation channel Channelrhodopsin2 (ChR2). In acute hippocampal slices taken 

from these animals, brief trains of blue light generate sustained low-frequency rhythmic 

IPSCs in CA1 pyramidal cells, and inhibitory local field potentials (LFPs), even in the 

presence of ionotropic glutamate receptor antagonists. These rhythms are almost entirely 

blocked by the muscarinic ACh receptor (mAChR) antagonist atropine, and are potently 

suppressed by the endocannabinoid-mediated process of depolarization-induced 

suppression of inhibition (DSI). This suggests that the IPSCs are driven type 1 

cannabinoid receptor (CB1R)-expressing interneurons, which in the hippocampus 

comprise the cholecystokinin (CCK)-positive basket cells, not PV+ basket cells. 



Surprisingly, the oscillations are also greatly inhibited by activation of mu-opioid 

receptors, which are indeed highly concentrated on the terminals of PV+ basket cells, but 

not CCK+ cells. However, selective pharmacological inhibition as well as optogenetic 

silencing of PV+ cells using the light-driven chloride pump Halorhodopsin (NpHR), or 

the proton pump Archaerhodopsin (Arch), had no significant effect on the rhythms. 

Surprisingly, IPSCs evoked through direct optogenetic stimulation of CCK+ cells were 

sensitive to a mu-opioid receptor agonist. This finding is inconsistent with previous 

anatomical studies, and suggests the presence of an inhibitory oscillator in CA1 which is 

activated by endogenous ACh, driven solely by CCK+ basket cells, and regulated by both 

endogenous cannabinoids and opioids. 
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CHAPTER 1: 

INTRODUCTION

ACETYLCHOLINE IN THE HIPPOCAMPUS

The process of identifying acetylcholine (ACh) as a neurotransmitter began around 1900 

with the observation that choline, isolated from egg lecithin or animal tissue, had the 

effect of lowering blood pressure. ACh was synthesized by Hunt and Taveau in 1906 and 

found to be 100,000 times more physiologically active than choline, and in 1914 Sir 

Henry Dale demonstrated that ACh had similar effects on the heart as did 

parasympathetic (vagus nerve) activation. However, it wasn’t until the seminal 

experiments of Otto Loewi that ACh was confirmed to be the chemical transmitter 

released by vagus nerve stimulation (Loewi 1921; Loewi and Navratil 1926). In 1929,

ACh was discovered to be a normal constituent of animal peripheral tissue (Dale and 

Dudley 1929) and it was found in the brain by Chang and Gaddum in 1933. Initial 

investigations of cholinergic synaptic transmission at the neuromuscular junction of the 

frog were performed by Bernard Katz and colleagues, beginning with the elegant 

description of the endplate potential in 1951 (Fatt and Katz 1951). The actual release of 

ACh in the brain was demonstrated in 1953 by MacIntosh and Oborin (reviewed in van 

der Zee and Luiten 1999; Albuquerque et al. 2009).

Central cholinergic neurons

Central cholinergic neurons are highly concentrated in the basal forebrain (Lewis and 

Shute 1967), a collection of nuclei which includes the medial and lateral septum, the 
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horizontal and vertical limb of the diagonal band of Broca, and the nucleus basalis. The 

medial septum and diagonal band of Broca are often referred to as a single nucleus (the

MS/DBB). Cholinergic neurons in the MS/DBB are large and multipolar in morphology, 

with 7-10 primary dendrites emanating from the soma (Woolf 1991; Fig. 1.1A). They 

project their axons to olfactory-related structures, the medial prefrontal, cingulate and 

retrosplenial cortices, and the hippocampus and parahippocampus (Gaykema 1990; Fig. 

1.1B). The other major projection neurons in the MS/DBB are GABAergic. In vivo, 

cholinergic and GABAergic populations can be distinguished based on their 

electrophysiological properties: compared to septal GABAergic cells, cholinergic cells 

have an approximately 2-fold longer spike duration (~ 1 ms) and a 30-fold longer 

afterhyperpolarization (~100 ms). As a consequence, cholinergic cells have

comparatively lower firing rates (Markram and Segal 1990; Brazhnik and Fox 1999).

Septal cholinergic projections to the hippocampus

Cholinergic neurons in the MS/DBB project their axons extensively throughout all layers 

of the hippocampus (Gaykema et al. 1990; Frotscher and Leranth 1985; Umbriaco et al. 

1999). They enter through the fimbria-fornix and form a “mesh” surrounding pyramidal 

and granule cells, but appear less dense in non-principal cell layers (Fig. 1.1B2). ACh 

fibers in the hippocampus are most commonly visualized immunocytochemically using 

an antibody against 1) choline acetyltransferase (ChAT), the rate-limiting enzyme in ACh 

synthesis (Frotscher and Leranth 1985), 2) the vesicular ACh transporter (VAChT; 

Harkany et al. 2003), which loads synaptic vesicles with ACh, or 3) acetylcholinesterase 

(AChE), the ACh-hydrolying enzyme.
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Figure 1.1
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Figure 1.1 - Septal cholinergic neurons and axons in hippocampus. A1) ChAT immunostaining in a

coronal section of mouse brain, illustrating the distribution of cholinergic neurons. A2) Multipolar ChAT+ 

cell in the MS/DBB. B1) ChAT+ axons, expressing marker protein mCherry, entering the hippocampus in a 

coronal brain slice from mouse. B2) Laminar distribution of ChAT+ axons in CA1. DAPI staining is blue. 

All figures are my unpublished observations, but concur with previously published findings (c.f. Lewis and 

Shute 1967; Frotscher and Leranth 1985).
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Selective ablation of cholinergic cells in the MS/DBB or transection of the fimbria-fornix 

leads to a virtual loss of ACh fibers in the hippocampus (Nauman et al. 1994; Lee et al.

1994), indicating that the MS/DBB is the primary if perhaps not the sole source of ACh. 

However, the existence of a very sparse population of putative intrinsic cholinergic 

interneurons in the hippocampus, based on weak ChAT immunoreactivity, has been 

described (Frotscher et al. 2000). To date there are no physiological data concerning 

them, and it is unclear whether they release ACh as a neurotransmitter. The only evidence 

that these interneurons may be a secondary source of ACh is that nAChR antagonists still 

modulate spontaneous field potentials in hippocampal slices several weeks after 

transection of the fimbria-fornix, which removes the MS/DBB source of ACh (Cobb et 

al. 1999).

Acetylcholine receptors in the hippocampus

In 1905, John Langley first proposed that certain “poisons”— namely nicotine and curare 

— produced their physiological effects by acting upon a “receptive substance” present on 

muscle, rather than through a direct action on nerve endings or the contractile machinery. 

Consistent with this hypothesis, Dale observed that synthetic ACh had two distinctly 

different actions on blood pressure. The first he called a ‘muscarine’ action, because it

mimicked the decrease in blood pressure caused by the mushroom toxin muscarine. This 

effect could be blocked by atropine. The second was a “nicotine” action, because in the 

presence of atropine, ACh produced a rise in blood pressure similar to that caused by 

nicotine. This effect was blocked by curare, or by higher doses of nicotine itself (Dale 

1914). The receptor theory for ACh actions was further developed in the 1950’s and 60’s 

by Paul Ehrlich, but it was not until 1970 that Changeaux and colleagues used the snake 
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toxin α-bungarotoxin, which blocks neuromuscular transmission, to actually isolate the 

nicotinic receptor (nAChR) from the electroplax organs of the electric eel. The alpha 

subunit of the muscle nAChR was the first neurotransmitter receptor to be cloned from 

human genomic DNA (Noda et al. 1983). It is now known that the brain contains a great 

diversity of both nAChRs and  muscarinic acetylcholine receptors (mAChRs), with at 

least 18 genes encoding for different subunits or subtypes. One of the highest 

concentrations of cholinergic receptors is found in the hippocampus.

Muscarinic Acetylcholine Receptors (mAChRs)

Muscarinic Acetylcholine Receptors (mAChRs) are a family of metabotropic, G-protein 

coupled receptors (GPCRs). In the hippocampus, immunostaining for mAChRs is diffuse 

in the pyramidal and granule cell layers, and very strong in some interneurons, especially 

those near s. pyramidale. (Levey et al 1995; Fig. 1.2A). There are five genes (m1-m5) 

and at least four pharmacologically distinguishable subtypes (M1-M4) in rodent 

hippocampus. M2 and M4 are most often found on axon terminals, while M1 and M3 are 

more often somatodendritic. M2 is found on excitatory and inhibitory axon terminals in 

the hippocampus, but also on septal ACh fibers themselves, suggesting substantial 

autoregulation of ACh release. M1 and M3 are coupled to the Gq G-proteins and signal

through activation of phospholipase C (PLC), while M2 and M4 are coupled to Gi/o and 

inhibit the activation of adenylyl cyclase. Downstream of these initial molecular events, 

all four mAChR subtypes can modulate several different ionic conductances each, 

however in general the activation of M1 and M3 is excitatory while that of M2 and M4 is 

inhibitory to the cell (van der Zee and Luiten 1999).
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Nicotinic Acetylcholine Receptors (nAChRs)

nAChRs are non-selective cation channels, permeable to Na+, K+, and Ca2+. They are

heteropentomeric combinations of α (α1-10, excluding 8) and β (β 1-4) subunits (with the 

exception of α7 nAChRs, which contain no β-subunits). nAChRs are widely distributed 

throughout the hippocampus, but are found much more frequently on interneurons than 

on pyramidal cells. In the hippocampus, the three most common subtypes of nAChRs 

(determined by pharmacological experiments) are the α7, α4β2, and α3β4, with α7 being 

the most abundant. The exact distribution of each subtype is not known, in part due to the 

generally non-selective antibodies that are available, but combined physiological and 

anatomical experiments, summarized in Figure 1.2B, permit some distinctions to be made 

with reasonable confidence.

The post-synaptic currents mediated by the three common nAChR subtypes in the 

hippocampus are pharmacologically and kinetically distinct. α7 nAChRs alone are fully 

activated by both ACh and choline, one of the products of ACh hydrolysis by AChE. 

However, it is not known if choline actually functions as an endogenous ligand. α7 

nAChRs are selectively antagonized by methlycaconitine (MLA) and α-bungarotoxin (α-

BGT). The fast, rapidly-desensitizing whole-cell currents mediated by α7 nAChRs are 

referred to as “Type 1a” nAChR responses. Compared to α7, α4β2 nAChRs have a much 

higher agonist affinity for ACh and are desensitized by lower concentrations of nicotine. 

α4β2 nAChRs are antagonized selectively by dihydro-β-erythroidine (DHβE), and by low 

concentrations of the non-selective nAChR antagonist mecamylamine. Whole-cell 

currents mediated by α4β2 — “Type II” nAChR responses — are slower than Type 1a. 
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Pure α3β4 responses in hippocampus are rare, probably because most of them are located 

on presynaptic terminals. Typically α3β4 activation produces what is referred to as a 

“type III” response — an increase in the frequency of spontaneous EPSCs (sEPSCs) or

spontaneous IPSCs (sIPSCs) recorded from interneurons or pyramidal cells after 

application of nicotine. These responses are insensitive to α-BGT, MLA, and DHβE, but 

are blocked by low concentrations of mecamylamine (reviewed in Albuquerque et al. 

2009; McKay et al. 2007; Fig. 1.2B).

Cholinergic synapses in the hippocampus and the “volume”

transmission hypothesis

It has been demonstrated at the ultrastructural level that cholinergic varicosities can form 

conventional synaptic contacts with dendritic spines and somata of hippocampal 

pyramidal cells, as well as with interneurons. However, the vast majority of cholinergic 

terminals have no obvious single post-synaptic target (Umbriaco et al. 1995; Frotscher 

and Leranth 1985), which has led to the proposal of the “volume transmission”

hypothesis for ACh actions in the hippocampus (Vizi and Kiss 1998; Fig. 1.3). Whatever 

limited amount of direct “point to point” cholinergic transmission exists may be mediated 

exclusively by α7 nAChRs (Frazier et al. 1998), even though the majority of them are 

still extra- or perisynaptic (Fabian-Fine et al. 2001).

Most molecular components of the more conventional neuromuscular cholinergic 

synapse are still present in the brain and perform the analogous function. 

Cholineacetyltransferase (ChAT), the rate limiting enzyme in the ACh synthesis pathway, 
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is located in cholinergic axon terminals and throughout the cell body. Also located pre-

synaptically are the vesicular ACh transporter (VACht), which packages ACh into 

vesicles, and the choline transporter, which facilitates the uptake of choline from 

hydrolyzed ACh. The degradating enzyme for ACh, AChE, can be anchored to pre- or 

post-synaptic membranes (a small percentage is also in the circulation ), and is one of the 

most efficient enzymes in the body—its rate constant for hydrolysis of ACh approaches 

the limit allowed by diffusion (Massoulie et al. 1993).

Figure 1.2 - Distribution of mAChRs and nAChRs in hippocampus. A1) Hippocampal slice 

immunostained for mAChRs. Filled arrows point to individual interneurons in hippocampal subregions 

CA3, CA2, CA1, and dentate gyrus. A2) Upper two panels, higher magnification showing co-localization 

of mAChR+ and Gad+ cells (interneurons) near the pyramidal cell layer in hippocampus. By comparison, 

mAChR staining is weaker and more diffuse in pyramidal cells. Lower two panels, immunostaining for 

mAChR and Gad in central amygdala, illustrating that high mAChR expression specifically in interneurons 

is not unique to hippocampus. From van der Zee and Luiten 1999. B1) Cartoon depicting the distribution of 

type Ia (α7), II (α4β2), and III (α3β4) nAChR currents in CA1 hippocampal neurons. Green cells are 

pyramidal cells (Glu = glutamate), dark blue cell is a perisomatic-targeting interneuron, light blue cells are 

interneuron-targeting interneurons. B2) hippocampal slice immunostained for nAChRs. Color of the 

arrows corresponds to the color of each cell in the cartoon. Notice that, like mAChRs, interneurons but not 

pyramidal cells are strongly immunopositive for nAChRs. Scale bar in A1 = 65 µm; scale bars in A2 = 18 

µm. From Albuquerque et al. 2009.
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Figure 1.3

A B

Figure 1.3 - “Point-to-point” vs. “volume” transmission at cholinergic synapses. A) Conventional, 

fast, “point to point” cholinergic transmission from presynaptic axon terminal to dendritic spine. This type 

of synapse is not common in the hippocampus. B) “Volume” transmission of ACh from a presynaptic axon 

terminal to peri- or extra-synaptic receptors located on soma or dendrites. This type of ACh transmission is 

prevalent in hippocampus and most of the brain. VAChT = vessicular ACh transporter.; CHT = choline 

transporter; AChE = acetylcholinesterase; AcCoA = acetyl-coenzymeA. From Sarter et al. 2009.

Response of different hippocampal cell types to cholinergic activation

Both principal cells and interneurons respond electrophysiologically to nAChR and 

mAChR activation. While the response of pyramidal cells to synaptically-released ACh is 

a stereotypical slow depolarization, ACh responses in interneurons vary greatly.
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ACh effects on pyramidal cells

The direct effect of endogenous ACh or cholinergic agonists on pyramidal cells is a slow 

mAChR-mediated excitatory post-synaptic potential (the “slow EPSP”), resulting in 

sustained action potential (AP) discharge and reduction in spike-frequency 

accommodation (Cole and Nicoll 1983; Pitler and Alger 1990, 1992; Fig. 1.4A). A 

decrease in several potassium conductances mediates this response, including 1) the 

voltage-dependent, Ca2+ -independent, resting outward rectifying current (IM ); 2) a 

voltage- and Ca2+-dependent current that underlies the slow afterhyperpolarization (IAHP; 

Cole and Nicoll 1984); 3) a voltage-independent, Ca2+-independent ‘leak’ current (ILEAK; 

Madison et al., 1987); and 4) a voltage-activated, delayed rectifier-like potassium current 

(IK; Zhang et al. 1992).

In addition to the slow EPSP, stimulation of putative cholinergic fibers in the s. oriens 

produces a burst of spontaneous synaptic activity that is blocked both by atropine and by 

the GABAA receptor antagonist picrotoxin (Pitler and Alger 1990; Fig. 1.4B). This is due 

to activation of mAChRs on GABAergic interneurons targeting the pyramidal cell.

Nicotinic responses in pyramidal cells are much less common than the slow mAChR-

induced EPSP. Small nAChR-mediated responses in pyramidal cells can be evoked by 

endogenous ACh in ~20% of pyramidal cells, and these are sensitive to DHβE (Gu and 

Yakel 2011), indicating that they are mediated by β2-containing nAChRs. More 

frequently, however, nAChRs regulate the release of glutamate or GABA onto pyramidal 

cells. Tonically-active α7 nAChRs regulate the frequency of sEPSCs in CA1 pyramidal 
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cells (Banerjee et al. 2012), and endogenous ACh can generate brief bursts of sIPSCs in 

pyramidal cells by activating α3β4 nAChRs on interneuron terminals (Tang et al. 2011).

ACh effects on interneurons

Activation of mAChRs produces a greater variety of responses in hippocampal 

interneurons than in pyramidal cells. Endogenous ACh generates slow depolarizing,

hyperpolarizing, biphasic, and oscillatory membrane potential changes, all of which are 

blocked by atropine (Fig. 1.5A). There is no strict correlation between response type and 

cellular morphology or location, however, the majority of interneurons in s. radiatum

exhibit a slow membrane depolarization in response to mAChR activation (McQuiston 

and Madison 1999; Widmer et al. 2006; Bell et al. 2011).

In s. radiatum interneurons, Type 1a (α7 nAChR) currents are evoked with electrical 

stimulation of the s. oriens (Frazier et al. 1998; Fig. 1.5B), brief pressure application of 

ACh to the soma (McQuiston and Madison 1999), or photo-release of caged carbachol 

(CCh), a mixed cholinergic receptor agonist (Khiroug et al. 2003). Interestingly, though, 

selective optogenetic stimulation of septal cholinergic afferents to release endogenous 

ACh produces mainly α4β2-mediated responses in interneurons, not α7 (Bell et al. 2011). 

As in pyramidal cells, nAChR also regulate the release of GABA and glutamate onto 

interneurons (Albuquerque et al. 2009).
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Figure 1.4 - Cholinergic  slow EPSP and sIPSPs in CA1 pyramidal cells. A) Hippocampal slice

showing typical positioning of stimulation electrode in s. oriens for ACh fiber stimulation. Below, a brief 

stimulus generates a slow depolarization and action potentials in a CA1 pyramidal cell, that is blocked by 

the mAChR antagonist, atropine. From Widmer et al. 2006. B) In a CsCl-filled pyramidal cell, which 

blocks most of the slow EPSP, brief stimulus to s. oriens in presence of the cholinesterase inhibitor, eserine, 

induces a burst of spontaneous activity that is also blocked by atropine. Below, ACh-generated spontaneous 

activity is blocked by the GABAAR antagonist picrotoxin. Downward deflections are test current injections 

used to monitor membrane conductance. From Pitler and Alger 1992.
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Figure 1.4
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Figure 1.5
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Figure 1. 5 - Response of CA1 interneurons to endogenous ACh. A) Electrical stimulation (arrowheads) 

in s. oriens in presence of glutamate, GABA, 5-HT, adenosine, and nicotinic antagonists generates a variety 

of mAChR-dependent responses, including fast or slow depolarizing (A1), biphasic or hyperpolarizing 

(A2), and oscillatory (A3). From Widmer et al. 2006.  B) Electrical stimulation (arrows) in presence of 

atropine generates EPSCs in s. radiatum interneurons which are sensitive to α7 nAChR antagonists MLA 

and αBTx (αBGT), and desensitized by nicotine pre-application. From Frazier et al. 1998.
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PHYSIOLOGICAL ROLES OF ACH SIGNALING IN THE HIPPOCAMPUS

Endogenous ACh or cholinergic agonists can profoundly affect the two primary 

hippocampal-dependent functions: the formation of episodic memories and spatial 

navigation. These effects of ACh may be explained by its actions on two distinct

phenomena. At the synaptic level, ACh can greatly modulate forms of plasticity such as 

long-term potentiation (LTP) and long-term depression (LTD), which may be critical for 

memory storage. At the network level, ACh is involved in generating neuronal 

oscillations, which can facilitate synaptic plasticity, synchronize neuronal activity within 

and between brain regions, and bridge the gap between the function of single neurons and 

behavior.

ACh modulation of synaptic plasticity

In vivo, stimulation of the MS/DBB lowers the threshold for LTP induction at CA3-CA1

glutamatergic synapses, and this effect is blocked by systemically administering mAChR 

antagonists (Ovsepian et al. 2004). In vitro, CCh applied to slices before tetanus enhances 

LTP in a mAChR-dependent manner (Drever 2011), and nicotine application lowers the 

threshold for LTP induction and converts STP to LTP (Ji et al. 2001). However, specific 

immunolesioning of ACh fibers with p75NTR-saporin does not prevent tetanus-induced 

LTP in vivo (Jovenceau et al. 1996), suggesting that the role of ACh in plasticity is more 

modulatory than permissive. ACh might, however, induce plasticity which does not 

require artificial tetanization of tissue. For example, precisely-timed optogenetic 

stimulation of ACh fibers can induce several different forms of nAChR and mAChR-

dependent plasticity in hippocampal slices (Gu and Yakel 2011). Very low concentrations 
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of CCh (50 nM) on its own can induce a form of LTP known as LTPm (Segal and 

Auerbach 1996). However, slightly higher concentrations (0.1 µM) induce a transient

depression when briefly applied, and LTD if applied longer (Drever 2011), suggesting the 

effects of ACh on plasticity are complex and perhaps highly concentration dependent.

ACh effects on the hippocampal network: rhythms

Rhythmic fluctuations in the membrane potentials of cells produce field potential 

oscillations. Depending on how many cells are synchronously involved, these oscillations 

can coordinate neuronal activity both locally and across brain regions, and are 

hypothesized to be essential for various cognitive functions. The two most prominent 

oscillations in the hippocampus are those in the theta (4-7 Hz) and gamma (30-70 Hz) 

ranges, which are often concatenated such that gamma activity is observed “riding” on a 

theta carrier wave. ACh can have either a causal or modulatory role in generating these 

oscillations, most notably in the theta band, but the mechanisms by which ACh 

influences them are controversial. However, mAChRs appear to play a more prominent 

role than nAChRs in rhythms.

Theta rhythms

Theta is a basic operational mode of the hippocampus, and is proposed to underlie the 

formation of episodic memories and spatial maps of the environment (Buzsaki 2005). It 

occurs throughout all layers of CA1 hippocampus, although the amplitude and phase 

change with depth, with a current source located in s. pyramidale and a large current sink 

near the border of s. radiatum and s.l.m. (Fig. 1.6A). Theta rhythms can modulate 
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plasticity, particularly at the CA3-CA1 Schaffer Collateral pathway. For instance, LTP is 

optimally induced if a train of electrical stimuli is delivered to coincide with the peak of 

the theta rhythm, and stimulation given at theta frequency (“theta burst”) is optimal for 

the induction of LTP in CA1 neurons (Larson and Lynch 1986).

It is widely accepted that the MS/DBB is necessary for generating hippocampal theta 

rhythms in vivo, and lesion of the septum abolishes theta and decreases the rate of 

learning on a spatial maze task  (Winson 1978). However, the mechanisms of theta 

generation are not homogeneous, and differ depending on the behavior or state of an 

animal. “Type 1” theta occurs during active, exploratory behavior and is relatively 

insensitive to the mAChR antagonist atropine. “Type II” theta occurs under urethane 

anesthesia and during REM sleep, and is abolished by atropine or selective 

immunolesioning of septal cholinergic neurons (Stewart and Fox 1990). For this reason,

Type II is often referred to as “atropine sensitive” theta. However, because ACh release 

appears to lag behind theta onset during urethane anesthesia (Zhang and Nicolelis 2010), 

its role is still unclear.

Gamma rhythms

Higher frequency gamma oscillations in the hippocampus may act in concert with theta 

oscillations to encode and retrieve memory traces (Bragin et al. 1995; Csivari et al. 

2003). Gamma and theta can occur concurrently, particularly in deeper hippocampal 

layers (Fig. 1.6B), and gamma is strongest during periods of theta (Bragin 1995; Buzsaki 

2003). This interaction provides a mechanism for both the temporal ordering of 

individual episodic events (theta) and the reconstruction of different facets of a memory 
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(gamma). The latter, the so-called “binding phenomenon”, occurs when disparate cortical 

areas encoding different facets of a memory, such as the shape, color, and texture of an 

object, must be activated essentially at the same time in order to form a coherent 

representation of the object. The coherence of gamma rhythms over wide areas of the 

brain is thought to be the substrate for the simultaneous binding and reactivation of the 

different facets together. However, the hypothesis that neural synchrony through coherent 

gamma oscillations solves the “binding problem” is controversial. It has been proposed 

that the binding problem cannot be solved merely by temporal synchronization of neural 

activity (the “temporal correlation hypothesis”; Singer and Gray 1995), but requires 

spatial attention as well (Robertson 2003). In fact, is has even been proposed that the 

binding problem is not even a problem at all, since single cells may be tuned to multiple 

features (Di Lollo 2012). Regardless, functional imaging studies have shown that 

oscillations occur in several brain regions during multisensory processing (Senkowski et 

al. 2008), so they are very likely to play a critical role in this process. It has also been 

proposed that gamma might provide the exact temporal framework for spike-timing-

dependent plasticity to occur, as theta oscillations would be too slow for this (Axmacher 

2006).

Compared to theta rhythms, the connection between endogenous ACh and gamma 

rhythms is less clear, despite the fact that in vitro models commonly use ACh agonists to 

induce gamma activity. Atropine reduces the power of gamma oscillations in awake,

behaving animals (Leung 1985; Hentschke et al. 2007), and reduces theta-gamma 

coupling (Hentschke et al. 2007). In vivo, however, hippocampal gamma is abolished by 
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lesioning of the entorhinal cortex (Buzsaki 2002, 2005). However, after this ablation a 

somewhat slower gamma oscillation appears in CA3 and CA1, suggesting that, under 

some conditions, the hippocampus can generate a form of gamma without these extrinsic 

glutamatergic inputs. This hypothesis is supported by the finding that gamma oscillations 

can be pharmacologically-induced in slices from isolated hippocampus (Fisahn et al. 

1998; Whittington et al. 1995; Traub et al. 2003).
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Figure 1.6
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Figure 1.6 - Theta and gamma rhythm local field potentials recorded in CA1 in vivo. A1) Multi-site 

recording electrode placed in the hippocampus in vivo along the CA1-dentate gyrus axis.  o = s. oriens, p = 

s. pyramidale, r = s. radiatum, lm = s. lacunosum-moleculare, m = molecular layer of the dentate gyrus, g = 

granule cell layer, h = hilar region of the dentate gyrus. A2) Local field potentials recorded at each of the 

sites (1-16) in the left panel. Boxed region highlights the increase in gamma power in the dentate gyrus. B) 

Ilustration of concatenated theta-gamma LFP in CA1. Note the increased gamma amplitude near the peak 

of the theta wave. From Buszaki 2002 and Bragin et al. 2005.
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Although oscillations are prominent in the hippocampus, other brain regions can generate 

them locally as well, especially the neocortex. Synchrony of oscillations might facilitate 

the flow of information between the hippocampus and neocortex. For example, prefrontal 

theta activity can become entrained to hippocampal theta during a working memory task 

(Jones and Wilson 2005; Siapas et al. 2005), and disruption of this synchrony may 

underlie deficits in working memory in schizophrenia (Sigurdsson et al. 2010). 

Amygdalar and hippocampal theta activity become entrained during fear memory 

retrieval (Seidenbecher et al. 2003). The cellular mechanisms underlying coherence of 

oscillations between brain regions, however, are not completely understood.

HIPPOCAMPAL MICROCIRCUITS: A BRIDGE BETWEEN SYNAPSES AND 

NETWORKS

A microcircuit can be defined as the minimal number of neurons needed to perform some 

neuronal operation or computation. The cellular, synaptic, and molecular architecture of 

different microcircuits in the brain is diverse, but one striking feature of most 

microcircuits is they possess the ability to oscillate intrinsically (reviewed in Grillner et 

al. 2005). The well-structured environment of the hippocampus has been a leading model 

for studying microcircuits, and how they drive local field potential rhythms.

Cytoarchitecture of the Hippocampus

The flow of information into the hippocampus goes through the “trisynaptic” excitatory 

pathway, consisting of 1) the perforant pathway, which are the axons entering the 

hippocampus from the entorhinal cortex and synapsing onto the dendrites of granule cells 
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in the dentate gyrus; 2) the mossy fiber pathway, which are the axons of granule cells 

projecting to CA3 pyramidal cells; 3) the Schaffer Collateral pathway, which are the 

axons of CA3 pyramidal cells synapsing onto CA1 pyramidal cell apical dendrites in s. 

radiatum (Fig. 1.7A).

The hippocampus also contains a diverse array of intrinsic GABAergic interneurons 

which can be classified based on their morphology, location, axonal targets, physiology, 

or expression of generally selective molecular markers (Freund and Buzsaki 1996; Fig. 

1.7B). To date, over 20 distinct subtypes of interneurons have been proposed in CA1. 

Pyramidal cells receive inhibitory input onto their dendrites, axons, and somatic regions, 

and several classes of interneurons target other interneurons as well.

Figure 1.7 - Cytoarchitecture of the hippocampus. A) Illustration of the hippocampus by Santiago 

Ramon y Cajal, modified to highlight the trisynaptic excitatory pathway (inset). EC = entorhinal cortex, 

Sub = subiculum; DG = dentate gyrus. B1) Camera lucida reconstructions of three major interneuron types 

in CA1. B2) Cartoon illustrating different interneuron types in CA1. Blue regions indicate the terminal field 

of the axons of each cell type. PC = pyramidal cell; O-LM = oriens-lacunosum moleculare; AA = axo-

axonic; BC = basket cell; SCA = Schaffer Collateral Associated; PPA= perforant path associated; NG = 

neurogliaform; Tril = trilaminar; BP = bipolar; IS = interneuron specific; SOM = somatostatin; PV = 

parvalbumin; CCK = cholecystokinin; VIP = vasoactive intestinal peptide; NPY = neuropeptide Y; CB = 

calbindin; CR = calretinin. From Klausberger and Somogyi 2008.
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Figure 1.7
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Figure 1.8 – Firing of
various CA1 cell types
recorded in vivo during
theta rhythm. Dotted lines
indicate the peak of the
extracellularly-recorded theta
LFP. From Klausberger and
Somogyi 2008.

THE ROLE OF INHIBITION IN HIPPOCAMPAL 

RHYTHMS

Inhibition is a powerful force in the hippocampus. 

Interneurons in every stratum are active during - and often 

phase-locked to - field oscillations, suggesting they play an 

essential role through rhythmic release of GABA. Inhibitory 

rhythms can synchronize pyramidal cell spiking, and 

provide background membrane potential fluctuations as a 

common reference signal for temporal coding among cell 

populations (Mann and Paulsen 2005).

The effects of GABA on pyramidal cell function

Fast inhibition in the hippocampus is mediated by GABAA

receptors, which are ligand-gated anion channels permeable 

to Cl- and HCO3
-. Because the equilibrium potential for Cl-

(ECl) is usually slightly more negative than the resting 

membrane potential of pyramidal cells in mature animals, 

GABAA receptor activation results in a small membrane

hyperpolarization. However, Vm is still very near ECl, so the 

primary consequence of GABAA receptor activation may be 

“shunting” inhibition, which is due to the large increase in 

membrane conductance resulting from the opening of Cl- channels. Because of this 

powerful shunting effect, GABA can still be inhibitory even if Vm is slightly more 

negative than ECl. Hyperpolarizing events may actually excite pyramidal cells through an 
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effect known as “rebound excitation”. This is the result of interactions with voltage 

dependent conductances, such as activating the inward current Ih, inactivating the 

outward current Im, or de-inactivating Na+ and Ca2+ channels (Mann and Paulsen 2005).

Slower inhibition is mediated by activation of metabotropic GABAB receptors, which 

activate an inwardly-rectifying K+ conductance. GABAB receptor activation is always 

inhibitory due to the fact that EK+ (-90 mV) is much more negative than Vm, and usually 

produces a much larger membrane hyperpolarization than GABAA receptor activation. 

Presynaptically located GABAB receptors also negatively regulate VGCCs, and thus 

decrease transmitter release (Mann and Paulsen 2005). The role of GABAB receptors in 

hippocampal rhythms, however, has been much less studied than that of GABAA 

receptors.

Dendritic vs. somatic inhibition

Pyramidal cells receive inhibition onto the soma, dendrites, and axons, so the ultimate 

effect of inhibition on pyramidal cell function is highly dependent on the location of the 

activated inhibitory synapse. Inhibition onto the dendrites can reduce the EPSP and 

suppress local Ca2+ spikes (Miles et al. 1996). Recent evidence from both in vitro and in

vivo experiments suggest that dendritic inhibition exerts the most powerful control over 

burst firing in pyramidal cells (Lovett-Baron et al. 2012; Royer et al. 2012). Inhibition 

onto the somatic compartment, however, has a greater effect on the timing of action 

potentials (Royer et al. 2012). The powerful effect of rhythmic perisomatic inhibition is 

demonstrated by the “coincidence detector” model of neuron synchronization illustrated 

in Figure 1.9.
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Figure 1.9
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Figure 1.9 - Rhythmic inhibition can generate synchronous network activity. Randomly firing

excitatory neurons (E, black) synapse onto a common downstream coincidence detector (grey, cd). Shared 

rhythmic inhibitory input (I, red) synchronizes the firing of the excitatory neurons, bringing the coincidence 

detecting cell to threshold and synchronizing its activity as well. From Mann and Paulsen 2005.

Basket cells in rhythms

Because somatic inhibition is much better suited than dendritic inhibition to control the 

timing of pyramidal cell action potentials, interneurons targeting the soma and proximal 

dendrites — the so-called “perisomatic-targeting basket cells” (Freund and Buzsaki 1996; 

Freund and Katona 2007; Bartos and Elgueta 2012) — probably play key roles in 

rhythmic entrainment of pyramidal cells. The somata of basket cells are typically located 

in or near the pyramidal layer in s. oriens or s. radiatum, and a single one can synapse 

onto ~1000 pyramidal cells (Miles et al. 1996). There are two subtypes of basket cells in 

the hippocampus — those which contain the calcium-binding protein, parvalbumin (PV+ 
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basket cells), and those which contain the peptide cholecystokinin (CCK+ basket cells). 

Although morphologically similar, PV+ and CCK+ basket cells differ greatly in terms of 

their firing patterns, membrane properties, release kinetics, and neuromodulatory inputs

(Fig. 1.10).

Fast- spiking PV+ basket cells vs. regular- spiking CCK+ basket cells

PV+ cells are fast-spiking and non-accommodating. Their action potentials are short 

duration (width at half-amplitude ~ 0.4 ms) and occur at high frequency, greater than 150 

Hz at physiological temperatures (Doischer et al. 2008). They have a short membrane 

time constant (~10 ms) and a low input resistance (~ 80 MΩ; Glickfeld et al. 2008; 

Bartos and Elgueta 2012).

On the other hand, CCK+ basket cells can be distinguished from PV+ cells by their 

“regular” spiking, accommodating firing pattern. CCK+ cells have a higher membrane 

resistance (150 MΩ), broader action potential half-width (width at half-amplitude more 

than 0.75 ms) and slower tau (~ 20 ms; Glickfeld et al. 2008). These features may make 

them better suited for integrating many modulatory inputs as compared to PV+ cells 

(Freund 2003; Freund and Katona 2007; Bartos and Elgueta 2012).

Synchronous GABA release from PV+ cells vs. asynchronous GABA release 

from CCK+ cells

PV+ interneurons form 10-12 synapses onto a given pyramidal cell, distributed equally 

between the soma and proximal dendrites (Bartos and Elgueta 2012). PV+ cells exhibit

highly synchronous GABA release with low failure rates, mediated by tight coupling to 
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voltage-gated calcium channels (VGCCs). GABA release from PV+ cell terminals is 

regulated exclusively via P/Q type VGCCs. GABA release from CCK+ cells, however, is 

asynchronous and is mediated exclusively by N-type VGCCs. IPSCs from CCK+ cells 

display higher variability of frequency and amplitude, and unitary IPSCs show a higher

failure rate (16%) compared to PV+ cells (Hefft and Jonas 2005).

Neuromodulation of  PV+ and CCK+ basket cells

CCK+ cells express somatic 5-HT3A receptors (Freund 2003, Freund and Katona 2007), 

M3 mAChRs (Cea del Rio et al. 2010), and α7 nAChRs (Morales et al. 2008). They 

receive sparse “fast” (largely AMPAR-dependent) glutamatergic input from CA3 

pyramidal cells. PV+ cells express comparatively fewer receptors for neuromodulators, 

but more AMPA and NMDA receptors than CCK+ cells (Matyas et al. 2004).

The most distinctive feature of CCK+ cells is perhaps the expression of the type I 

cannabinoid receptor (CB1R), which is activated both by exogenous and endogenous 

cannabinoids (endocannabinoids, eCBs). ECBs are retrograde signaling molecules, and 

are synthesized by a presynaptic pyramidal cell via Ca2+-dependent or GPCR-dependent 

mechanisms, released, and activate presynaptic CB1R. There are two major eCBs in the 

brain - anandamide (AEA) and 2-arachadonylglycerol (2-AG). Of these, 2-AG mediates 

most physiological eCB signaling, although an AEA tone functions in inhibitory 

homeostatic plasticity (Kim et al. 2010). In the CNS, eCBs bind primarily to CB1R, 

which is widely distributed throughout the brain but found in highest concentration in the 

hippocampus (for review, see Alger 2003 and Kano et al. 2009).
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CB1R is found at highest density on CCK+ basket cell terminals in the hippocampus, 

although it is found on excitatory terminals at a lower density. The most widely used 

assay for eCB signaling through CB1R in the hippocampus is depolarization-induced 

suppression of inhibition (DSI; Pitler and Alger 1992). This occurs when a pyramidal cell 

is depolarized from rest (typically to 0 mV for 2 s), which results in opening of N- and L-

type VGCCs (Lenz and Alger 1998), influx of Ca2+, release of eCB, activation of 

presynaptic CB1R, and transient suppression of GABA release from CCK+ terminals

(Wilson and Nicoll 2001). ECBs can also be released via GPCR-dependent mechanisms, 

such as activation of mGluRs (Varma et al. 2001) or mAChRs (Kim et al. 2002). In the 

case of mGluRs, application of high agonist concentrations for > 10 min, or low-

frequency synaptic stimulation of mGluRs for several minutes, causes a long-term eCB-

dependent depression of inhibition called iLTD (Chevalyere and Castillo 2003).

In addition to inhibition of GABA release, eCBs also inhibit the release of other 

neurotransmitters, namely glutamate (Kreitzer and Regehr 2001). CB1R-dependent 

suppression of transmitter release has also been suggested for glycine, norepinephrine, 

dopamine, serotonin, and ACh (Kano et al. 2009).

PV+ basket cells can be distinguished from CCK+ basket cells based on the expression of 

the mu-opioid receptor (MOR; Glickfeld et al. 2008; Drake and Milner 2002). Like 

CB1Rs, MORs are Gi/o-coupled GPCRs primarily located on axon terminals, although 

they can be found on somatodendritic and axonal compartments as well (Drake and 

Milner 2002). MORs can inhibit both adenylyl cyclase and VGCCs  (Childers 1993; 
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Moises et al. 1994), and activate the inwardly-rectifying K+ channel GIRK (Svoboda and 

Lupica 1998). The endogenous ligand for MORs is probably enkephalin, synthesized 

from the precursor proopiomelanocortin, although other opioids exist and may be active 

in certain circumstances. Unlike eCBs, there is no established physiological assay for 

endogenous opioids, however LTP of the lateral perforant pathway is blocked in MOR-

KO mice (Matthies et al. 2000). Exogenous activation of MORs generally suppresses 

GABAergic, glutamatergic, and cholinergic transmission (Simmons and Chavkin 1996). 

MORs are most highly expressed on PV+ basket cell terminals (Drake and Milner 2002; 

Guylas et al. 2010) and their activation by the exogenous agonist DAMGO profoundly 

inhibits GABA release from PV+ cells, and causes hyperpolarization of PV+ soma as 

well (Glickfeld et al. 2008; Krook-Magnuson et al. 2011).

ACh effects on PV+ and CCK+ cells

Both PV+ and CCK+ basket cells express mAChRs and nAChRs. Qualitatively, the 

effect of ACh on GABA release is similar between the two cells types, however the 

extent of modulation and the receptor subtypes involved are different. Upon activation of 

somatodendritic mAChRs, both PV+ and CCK+ cells are depolarized, and their firing 

frequency increases in response to injected current. These effects in PV+ cells are 

mediated exclusively by M1 mAChRs, whereas in CCK+ cells they are mediated by M3 

mAChRs (Cea-del Rio et al. 2010, 2011). Brief trains of glutamatergic synaptic input 

delivered concomitantly with mAChR activation triggers long-lasting repetitive firing in 

CCK+ cells, which far exceeds the duration of the synaptic stimuli. This effect does not 

occur in PV+ cells, and in general PV+ cells appear to be less sensitive to endogenous 
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ACh release  (Cea-del Rio et al. 2010). Paradoxically, mAChR agonists can suppress

GABA release from PV+ and CCK+ cells. Release from PV+ cells is suppressed by 

activation of axon terminal M2 receptors (Hajos et al. 1998), and indirectly from CCK+ 

cells through mAChR-dependent eCB production (Kim et al. 2002).

Finally, the activity of both types of basket cells may be modulated by nAChRs. 

Interneurons identified morphologically as basket cells (but not physiologically or 

neurochemically) are depolarized by activation of α4β2 nAChRs with endogenous ACh 

(Bell et al. 2011). CB1R and α7 mRNA colocalize extensively in CA1 (Morales et al. 

2008), and uncaging of the cholinergic agonist carbachol elicits α7-mediated currents in 

regular spiking, but not fast spiking, s. radiatum interneurons (more likely to be CCK+ 

basket cells; Khirough et al. 2003). Activation of α3β4 nAChRs with exogenous or 

endogenous ACh generates quantal GABA release from PV+ terminals through 

activation of T-type Ca
2+

 channels (Tang et al. 2011).
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Figure 1.10 - Basket cell dichotomy in CA1 hippocampus. A) Cartoon depicting the two perisomatic-

targeting basket cells in hippocampus, PV+ and CCK+. Both cell types activate perisomatic GABAA

receptors on pyramidal cells. Mu-opioid receptors (MORs) are located on PV+ cell terminals, while Type 

1- cannabinoid receptors (CB1Rs) are located on CCK+ cell terminals. B) Response of PV+ and CCK+ 

basket cells to current injection. B1, PV+ cells respond with high frequency, non-accomodating firing 

pattern, while CCK+ cells (B2) respond with a regular (lower frequency), accommodating firing pattern. C) 

paired recordings between a presynaptic PV+ cell (C1) or CCK+ cell (C2) and a postsynaptic pyramidal 

cell. Consecutive traces are superimposed. A 20 Hz presynaptic stimulus produces synchronous IPSCs 

tightly coupled to the stimulus in PV-pyramidal pairs, but the same stimulus generates asynchronous IPSCs 

in CCK-pyramidal pairs. D) Paired recordings as in C. In PV-pyramidal pairs, the MOR agonist DAMGO 

abolishes the unitary IPSC (uIPSC), but the CB1R agonist WIN55212-2 has no effect. In CCK-pyramidal

pairs (D2), DAMGO has no effect on the uIPSC, but WIN55212-2 nearly abolishes it. B is from Lee et al. 

2011; C is from Daw et al. 2009; D is from Glickfeld et al. 2008.
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Figure 1.10
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Other interneuron types in rhythms: dendritic-targeting and 

interneuron-targeting interneurons

Oriens-lacunosum moleculare (O-LM) interneurons express the neuropeptide

somatostatin, have their cell bodies in the s. oriens, and target distal dendrites of 

pyramidal cells in the s.l.m. (Freund and Buzsaki 1996). Activation of somatodendritic 

M1/M3 enhances the firing rate and intrinsic oscillatory properties of O-LM cells 

(Lawrence 2008), and they are phase-locked to theta rhythms in vivo, firing near the 

trough of the cycle approximately 180 degrees out of phase with CCK+ basket cells (Fig. 

1.8).

As opposed to O-LM cells, which target distal dendrites, Ivy cells form a dense network 

of axons and mainly innervate pyramidal cell basal and oblique dendrites. They express 

neuronal nitric oxide synthase, neuropeptide Y, and high levels of α1 GABAA receptor 

subunit. They are slow spiking, and produce slow inhibition of pyramidal cells. They 

show phase modulation by theta, gamma, and ripple oscillations (Fuentealba et al. 2008). 

Ivy cells in hippocampus display persistent firing with strong depolarization (Krook-

Magnuson et al. 2011).

Two interneuron types which target exclusively other interneurons are those positive for 

vasoactive-intestinal peptide (VIP) or calretinin (CR). VIP cell distribution is similar to 

that of CCK+ cells and CR cell distribution is similar to that of Ivy and PV+ cells 

(Freund and Buzsaki 1996). A few cells co-express VIP and CCK (Tricoire et al. 2011). 

Although the role of VIP or CR interneurons in hippocampal rhythms is not known, 
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electrical coupling between CR cells and PV+ cells via gap junctions is required for CCh-

induced oscillations in neocortex (Caputti et al. 2008). Electrical coupling of interneurons 

via gap junctions is involved in generating or modulating oscillations in several regions, 

including neocortex (Galaretta et al. 2004; Blatow et al. 2003), cerebellum (Dugue et al. 

2009), spinal cord (Tresch and Kiehn 2000), and hippocampus (Traub et al. 2001; Allen 

et al. 2011), and is required for hippocampal-dependent spatial memory (Allen et al. 

2011). Gap junctions are a way in which interneurons might rapidly synchronize their 

activity across long distances, perhaps without the need for excitatory signaling (Traub et 

al. 2001) or even action potentials (Tresch and Kiehn 2000).

A second group of perisomatic-targeting interneurons in the hippocampus are the axo-

axonic cells (sometimes referred to as Chandelier cells). These are also PV+ and fast 

spiking, but target exclusively axon-initial segments (AIS) of pyramidal cells, and might 

sometimes be depolarizing due to the elevated Cl- concentration in the AIS. In CA3, axo-

axonic cell phase-locking to gamma rhythms is less than that of PV+ basket cells (Guylas 

et al. 2010). Ivy cells, though they target predominantly basal and oblique dendrites, can 

occasionally form somatic synapses as well (Fuenteabla et al. 2008).

CURRENT HYPOTHESES ABOUT INHIBITION IN ACH-GENERATED RHYTHMS

Regardless of whether or not there is a causal role of ACh during in vivo theta rhythms, 

cholinergic agonists do drive oscillatory activity in hippocampal slice preparations. 

Several readouts have been used to quantify this rhythmic activity. Application of the 

mixed ACh agonist carbachol (CCh) to slices induces oscillations in the local field 
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potentials (Hajos al. 2004), membrane potentials or firing patterns (Williams and Kauer 

1997), and post-synaptic inhibitory or excitatory currents (Reich et al. 2005; Karson et al. 

2008). All of these methods can be used, ideally in a complimentary fashion (Buzsaki 

2012), to identify the different cell types involved in generating the rhythm.

There are numerous microcircuit models for how ACh generates rhythms in the 

hippocampus, and many are specific to a particular bandwidth (theta or gamma) or 

subregion (CA3 or CA1). Nearly all models include interneurons (but see Fisher 2004). 

However, there are two central questions that pertain not only to rhythmogenesis 

involving ACh, but to rhythms in general. First, can rhythms arise entirely within a 

network of inhibitory cells, or do they require glutamatergic excitation or other extrinsic 

pacemaker to drive them? Second, which interneurons serve as the current and rhythm 

generators for the local field potentials?

It has been hypothesized that ACh-generated rhythms are initiated in CA3, then 

transmitted into CA1 via the Schaffer Collaterals (Williams and Kauer 1997; Buzsaki 

2002; Fisahn 1998). In vivo Type 2 theta would additionally require rhythmic inhibition 

onto interneurons from septal GABAergic afferents (Stewart and Fox 1990; Buzsaki 

2002, Toth et al. 1997; Fig. 1.11). Such models place the rhythm generator for CA1 

solely within the MS/DBB, or in the case of CCh-induced gamma rhythms, in CA3. 

However, there is substantial evidence which is inconsistent with these models, most 

notably, that theta-frequency rhythmic sIPSPs in CA1 pyramidal cells can be evoked by

CCh application to slices in the presence of iGluR antagonists (Reich et al. 2005; Karson

et al. 2008) or in isolated CA1 (Reich et al. 2005).
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Figure 1.11

Figure 1.11 - Proposed microcircuit model of atropine-sensitive theta rhythm in CA1 hippocampus.

Cholinergic input from the septum tonically depolarizes  both   interneurons   and pyramidal cells. 

Rhythmic GABA input from the septum, as well as rhythmic feedback excitation from pyramidal cells onto 

interneurons, is required to generate the rhythm in this model. MSN-NDB = medial septum-nucleus of the 

diagonal band of Broca; as = atropine sensitive ar = atropine resistant. From Stewart and Fox 1990.

A second hypothesis about ACh-induced rhythms, and about rhythms in general, is that 

fast-spiking PV+ basket cells are the major current generators (Guylas et al. 2010; Freund 

2003; Fruend and Katona 2007), whereas CCK+ basket cells are only capable of “fine 

tuning” them (Freund 2003, Freund and Katona 2007). There is support for this as a 

model ACh-induced gamma rhythms in the CA3 region of slices (Guylas et al. 2010), and 

for cortical gamma rhythms in vivo (Cardin et al. 2009; Sohal et al. 2009). However, the 

theta rhythm IPSPs generated by CCh in CA1 pyramidal cells are sensitive to DSI
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(suggesting that they are driven by GABA release from CCK+ cells; Reich et al. 2005; 

Fig. 1.12), and are insensitive to blockade of P/Q-type Ca2+ channels on PV+ terminals 

(Karson et al. 2008). Activation of mAChRs enhances the intrinsic oscillatory properties 

of CCK+ cells (Cea del Rio et al. 2011), and in vivo rhythms are reduced by intra-

hippocampal injections of CB1R agonists (Robbe et al. 2006). Thus, there is ample 

evidence that ACh may generate some rhythms at least in part by driving CCK+ basket 

cells. However, this hypothesis has not been tested under conditions of endogenous ACh 

release.

While the slice preparation is very well suited for investigations on the microcircuit level, 

the use of bath-applied cholinergic agonists does not replicate the spatial and temporal 

dynamics of ACh release in vivo. Electrical stimulation of septal fibers improves spatial 

resolution somewhat, but it also does not allow for selective stimulation of ACh release 

without directly activating septal GABAergic and glutamatergic afferents, pyramidal 

cells, or interneurons. Tackling this problem is a major goal of the thesis.
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Figure 1.12

Figure 1.12 -  Depolarization-induced suppression of inhibition (DSI) disrupts theta IPSP activity.

A) continuous raw trace of sIPSP activity illustrating DSI induced by 3 trains of theta-burst stimulation. B)

power spectra of the trace in A demonstrating reduction of theta power during DSI and subsequent 

recovery. C) group data showing that theta power is almost abolished during DSI but significantly recovers 

to baseline levels afterward. DSI is blocked by the CB1R antagonist AM251. From Reich et al. 2005.

GOALS OF THE THESIS

The primary goal of my thesis is to test the hypothesis that an intrinsic, cholinergically-

driven interneuron oscillator involving GABA release from CCK+ cells exists in CA1. 

This hypothesis predicts that release of endogenous ACh in hippocampal slice 

preparations, in the presence of ionotropic glutamate receptor antagonists, will generate 
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rhythmic inhibition onto CA1 pyramidal cells. It also predicts that this inhibition will be 

sensitive to CB1R activation. The experiments presented in the following chapters offer

the possibility of identifying a novel, cholinergically - driven circuit in the hippocampus.
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CHAPTER 2:  

GENERAL METHODS

OPTOGENETICS: A NEW TECHNIQUE FOR INVESTIGATING BRAIN CIRCUITS

Optogenetics “combines genetic targeting of specific neurons or proteins with optical 

technology for imaging or control of the targets within intact, living neural circuits” 

(Deisseroth et al. 2006). In practice, it most often refers to the use of microbial-derived 

opsins to control neuronal activity. The field of optogenetics was "launched" with the 

discovery of channelrhodopsin2 (ChR2) – a light activated non-selective cation channel 

isolated from green algae. ChR2 is activated selectively by blue light (~ 470 nm) of 

microwatt intensity, and is permeable to Na+, K+, Ca2+, and H+. When expressed in 

mammalian cells, pulses of blue light activate large inward currents which can trigger 

action potentials and release of neurotransmitter with millisecond precision (Boyden et al. 

2005; Fig. 2.1).

In addition to excitation, optogenetic silencing of cells can also be achieved using 

halorhodopsin (NpHR), an electrogenic chloride pump isolated from the halobacteria 

Natronomonas pharaonis, or archaerhodopsin (Arch), an electrogenic proton pump

isolated from archaebacteria. NpHR and Arch can effectively silence the firing of 

neurons for many seconds (Zhang et al. 2007; Chow et al. 2012; Fig. 2.1). Thus, these 

opsins are useful in that they provide genetically-targetable, non-invasive, temporally and 

spatially precise optical control of neuronal activity in vitro and in vivo.
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Taking advantage of cell-specific promoters, opsins can be genetically targeted to 

selectively control the activity of single cell populations in heterogeneous tissue. The use 

of light also reduces mechanical damage to the tissue, which is particularly important in 

vivo. Spatial resolution is another advantage of optogenetics— field illumination may be 

useful for driving an entire network of one specific cell type, or by simply changing the 

diameter of the light source, single cells or synapses can be controlled. Activation of 

opsins has been done successfully in neuronal culture (Boyden et al. 2005), acute slices 

(Gu and Yakel 2011), cultured slices (Goold and Nicoll 2010), and in vivo in freely 

moving rodents, which can result in alteration of behavior (Kravitz et al. 2010).
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Figure 2.1

A1 A2

B C

Figure 2.1 - Optogenetic control of neuronal activity. A) Cartoons of non-selective cation channel ChR2 

(A1) and chloride pump NpHR (A2). Each opsin is activated by blue and yellow light, respectively. B) On-

cell recording of a neuron expressing both ChR2 and NpHR. Brief blue light pulses elicit precisely timed 

action potentials by activating ChR2. The action potentials are prevented by sustained concurrent activation 

of NpHR with yellow light. C) Whole-cell currents activated by NpHR (upper) and ChR2 (lower). From 

Zhang et al 2007.
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In vivo, virally-mediated opsin expression

The most widely used method of in vivo opsin expression (which is the most popular 

application), utilizes viral vectors. Opsins can be packaged into lenti-, adeno-, and adeno-

associated virus (AAV) vectors, the latter being preferred because of its ability to 

transduce neurons with very high efficiency, stable long-term expression, and lack of 

immunogenicity or special handling conditions (Choi et al. 2005). While opsins within 

these vectors can be driven by strong, ubiquitous promoters (CMV, CaMKII, synapsin, 

etc.), these do not allow for the more commonly desired cell-specific expression. Since 

many cell-specific promoters are too weak to drive opsin expression at sufficiently high 

levels, a Cre-Lox enhancement strategy has been developed (Atasoy et al. 2008). Mouse 

lines which stably express Cre recombinase under cell-specific (usually weaker) 

promoters are infected with viral vectors carrying a given opsin under the control of some 

Cre-dependent (floxed) sequence. The vectors carry a strong viral promoter to drive 

expression of the transcript. Thus, although the virus infects all cells near the injection 

site, only those cells which co-express Cre will also express the opsin (Atasoy et al. 

2008).

OPTOGENETIC TECHNIQUES AND REAGENTS USED

Adeno-associated virus (AAV) vectors

For in vivo expression of opsins, I delivered AAV vectors containing ChR2, NpHR, or Arch 

under the control of the flip-excision (FLEX) switch mechanism (Fig. 2.2A) to either the 

MS/DBB or hippocampus. The FLEX switch is Cre-dependent, and expressing it in chosen 

cell types necessitated the use of Cre-driver mouse lines (Table 2). In each vector, the opsin 
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is fused to a reporter gene, either mCherry, EYFP, or GFP, for visualization of expression. 

Vectors had a titer of greater than 1012 genome copies/ml, and were injected in volumes of 

0.25 - 1.5 µL, depending on the brain region. Serotypes used were AAV 2/1, 2/5, and 2/9 

(see Table 1), as they have been found to target neurons quite effectively (Choi et al.

2005). Using this nomenclature, the first number (2) refers to the serotype of the inverted 

terminal repeats (must be 2 for CNS), and the second refers to the serotype of the viral 

capsid proteins. The time needed for expression varied by tissue and vector, ranging from 

two weeks (mCherry expression in septal cholinergic cells, NpHR expression in 

hippocampal interneurons) to five weeks (ChR2 expression in septal cholinergic axons in 

the hippocampus (Fig. 2.2B, C). ChR2 expression was stable for months. NpHR and 

Arch expression were also stable, however, showed signs of toxicity (amorphous soma) if 

allowed to last more than two weeks.

Table 1. AAV vectors used for in vivo opsin expression

* This is a “pseudotyped” vector with a mix of AAV2 and AAV1 capsid proteins

Vector name Plasmid
Plasmid 
source Serotype Vector source

ChR2-mCherry AAV-EF1.dflox.hChR2(H134R)- Addgene 2/1* Matthias Klugmann
mCherry.WPRE.hGH (20297)

ChR2-mCherry AAV-EF1.dflox.hChR2(H134R)- Addgene 2/1 Penn Vector Core
mCherry.WPRE.hGH (20297) V1447

ChR2-mCherry AAV-EF1.dflox.hChR2(H134R)- Addgene 2/5 Penn Vector Core
mCherry.WPRE.hGH (20297) V1449

ChR2-mCherry AAV-EF1.dflox.hChR2(H134R)- Addgene 2/9 Penn Vector Core
mCherry.WPRE.hGH (20297) V1534

mCherry (neg AAV- Addgene 2/1 Matthias Klugmann
control) EF1.dflox.mCherry.WPRE.hGH (20299)
NpHR-EYFP AAV-EF1a.DIO.eNpHR- Addgene 2/1 Penn Vector Core

eYFP.WP.hGH (20949) AV1-20949P
Arch-GFP AAV-flex.CBA.Arch- Boyden Lab 2/1 Penn Vector Core AV-

GFP.WPRE.SV40 1-PV2432
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Cre-driver mouse lines

The following mouse lines were obtained from Jackson Labs, and breeding colonies were 

established in the UMB animal facility. Homozygotes are viable and fertile and were bred 

for all lines. Animals were kept on a 12-hour light-dark cycle and had access to food and 

water ad libitum. The strains are commonly named so that the endogenous promoter 

driving Cre expression is listed first (i.e. “ChAT-Cre”).

Table 2. Cre driver mouse lines used

Common Name Strain Name Source
ChAT-Cre B6;129S6-Chattm1(cre)Lowl/J Jackson Labs

#006410
PV-Cre B6;129P2-Pvalbtm1(cre)Arbr/J Jackson Labs

#008069
Gad2-Cre Gad2<tm2(cre)Zjh>/J Jackson Labs

#010802
CCK-Cre B6(Cg)-Ccktm2.1(cre/ERT2)Zjh/J Jackson Labs

#012710

* ChAT = cholineacetyltransferase; PV = parvalbumin; Gad2 – glutamic acid 
decarboxylase  2; CCK = cholecystokinin

Virus injection surgeries

All procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Maryland School of Medicine. Surgeries were performed under Ketamine 

(75 mg/kg) anesthesia supplemented with Acepromazine (2.5 mg/kg bodyweight), 

injected into the peritoneal cavity. Anesthesia was confirmed by a lack of corneal reflex 

and absence of response to a firm foot pinch. Surgery was preceded by shaving the 

incision area over the scalp. The animal’s head was placed in a stereotactic apparatus 

equipped with non-puncture ear bars. An incision was then made through the skin to 

reveal the skull and appropriate landmarks (Lambda and Bregma). A dental drill was 

used to make a small hole (~ 1 mm) through the skull at the appropriate coordinates 
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obtained from The Stereotaxic Atlas of the Mouse (Franklin and Paxinos 1997). A 

calibrated glass pipette (Wiretrol 1, Drummond Scientific), tip diameter pulled to ~ 50 

µm, was filled with the appropriate AAV vector  by inserting a wire plunger inserted into 

the back of the pipette, attaching this to an infusion pump (KD Scientific) and aspirating 

through the tip.  The tip was lowered slowly into the brain through the craniotomy. A 

0.25 – 1.5 µL total volume of AAV (~5 x 1012 genome copies/ml) was injected at a rate 

of 0.1 µL/min using an infusion pump. The pipette was left in place for an additional 

three minutes after injection to allow for diffusion of virus away from the tip, and then 

slowly withdrawn. The hole in the skull was sealed with sterile surgical wax, and the 

incision sutured shut. The incision was treated topically with NeosporinTM to prevent

infection. Mice were monitored postoperatively until they were able to ambulate 

normally before being returned to the animal facility. Animals were treated with the 

analgesic carprofen (5 mg/kg) immediately prior to surgery, and again 24 hours later.
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Figure 2.2
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Figure 2.2 - Experimental design and specificity of AAV expression. A) Injection of AAV-ChR2-

mCherry into the MS/DBB of Chat-Cre mice. Flip -excision switch, which ensures specificity of ChR2 

expression to Cre-containing (ChAT+) cells, is shown. 5+ weeks following virus injection, transverse 

hippocampal slices are made, and ChR2 is activated in the slice with blue light. B) Specificity of AAV 

expression. B1, mCherry expression in MS/DBB after AAV-mCherry injection in ChAT-Cre mice. B2-5, 

immunostaining for ChAT (B2 -B4) and PV (B5) in mCherry-expressing ChAT-Cre mice. C) ChR2-

mCherry expression in axons in hippocampus five weeks after injection of AAV-ChR2-mCherry.
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Opsin activation in vitro

Epifluorescence was used to visualize expression of opsins in acute slices. For opsin 

activation, light pulses (~473 nm for ChR2 and ~580 for NpHR and Arch) were delivered 

through a 40X water-immersion objective of a Nikon E600FN fluorescence microscope, 

using a DG4 high-speed wavelength switcher equipped with a 300W Xenon lamp. The 

pulse and train duration were set by a digital timer (WPI), which was triggered by the 

pClamp 10 software. Illumination was applied to the entire visual field, and the output 

intensity at the objective ranged between 300-500 µW (Fig. 2.3, 2.4).
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Figure 2.3
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Figure 2.3 - ChR2-activated currents and action potentials in vitro. A) Blue light activates inward

currents (A1, whole cell recording) and precisely-timed action potentials (A2, on-cell recording, five 

superimposed traces). Recordings are from septal ACh cells in a coronal brain slice from ChAT-Cre mice. 

B) Varying pulse duration increases number of action potentials, but leads to desensitization at longer pulse 

durations. Recording is from a cortical PV+ cell in PV-Cre mice. C) Injection of AAV-mCherry (neg. 

control) into ChAT-Cre mice. Cholinergic cell fires normally with current injection (C2), but 40 ms blue 

light does not generate action potentials (C1).



52

Figure 2.4
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Figure 2.4 -  ChR2 activation evokes transmitter release. A1-3) Expression of ChR2-mCherry in CA1 

hippocampus of PV-Cre mice; mCherry (A1), PV immunostaining (A2), and the merge (A3) shows specific 

expression of ChR2 in PV+ cells. B) Recording from CA1 pyramidal cell in PV-Cre mice expressing ChR2-

mCherry. Brief light pulses (5 ms) at 5 Hz generate precisely timed IPSCs from PV+ cells C) Brief light pulses 

generate IPSCs which are mostly blocked by TTX. D) Injection of mCherry only in PV-Cre mice (neg. control for 

ChR2). Light fails to produce an IPSC, although spontaneous responses and electrically evoked responses are still 

present. Three consecutive superimposed traces, average in black.
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IN VITRO ELECTROPHYSIOLOGICAL RECORDINGS

Hippocampal slice preparation

The acute hippocampal slice preparation is one of the most widely used in vitro models in 

neurophysiology. For all of my experiments, I prepared transverse slices from mice or 

rats. Briefly, animals were deeply anesthetized with isofluorane, decapitated, and the 

brain was removed and placed in ice-cold ACSF (recipe to follow). One or both 

hippocampi were dissected. Extreme dorsal and ventral ends (~ 500 µm) were removed, 

and the hippocampus was glued to a block on either the cut dorsal or ventral surface and 

straightened as much as possible, using agar to secure it in place. Slices (400 µm) were 

taken from the middle two-thirds of the hippocampus. There were no significant 

differences found between slices located more dorsally or ventrally, although it should be 

noted that ChR2 expression in ChAT-Cre mice appeared to be stronger in more ventral 

slices. Slices were cut in the transverse plane. They were incubated at room temperature 

(~22o C) at the interface between ACSF and humidified air saturated with 5% O2 / 5% 

CO2 (carbogen). Slices were allowed to incubate for at least 1.5 hours before recording. 

In general, whole-cell recordings could be made from mouse slices up to 8 hours, and 

from rat slices up to 10 hours, after slicing.
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Common Solutions

ACSF (Bath solution, slicing, extracellular pipette solution)

NaCl 125 (120) mM
KCl 3 mM
MgCl2 2 mM
CaCl2 2.5 mM
NaPO4 1 mM
NaHCO3 25 mM
Glucose 10 (20)* mM
pH ~ 7.3
Osm ~ 300 mOsmol
* For ACSF containing 20 mM glucose, NaCl was 120 mM. All results obtained using 10 
mM glucose were repeatable with 20 mM glucose.

High Chloride Intracellular Solution (sIPSCs, L-IPSCs, eIPSCs).

Cs-methylsulfonate 85 mM
CsCl 50 mM
HEPES-Na 10 mM
MgATP 3 mM
TrisGTP 0.3 mM
CaCl2 0.1 mM
BAPTA-Cs 1 mM
MgCl2 1 mM
QX314 5 mM
pH 7.2
Osm 290 - 300 mOsm

Low-chloride Intracellular Solution (current-clamp recordings)

K-gluconate 146 mM
NaCl 1 mM
MgSO4 1 mM
CaCl2 0.2 mM
EGTA 2 mM
HEPES 10 mM
ATP-Mg 4 mM
GTP-Tris 0.3 mM
pH 7.2
Osm 290 - 300 mOsm
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Recording chamber

A dual-superfusion chamber (RC-27, Warner Instruments) was used to hold the slice 

during recordings. Recordings were made using RT ACSF bubbled with carbogen. The 

flow rate of ACSF was 1-2 ml/min. All drugs were diluted from stock solutions into the 

ACSF and bath perfused. A list of all chemicals, their solvents, final concentration 

ranges, and suppliers is shown in Table 3.

Table 3. Drugs used for electrophysiological experiments

Chemical Target Stock Conc. Final Conc. in Vendor
ACSF

NBQX AMPA/Kainate antagonist 50 mM, H20 5µ M Tocris
CGP37849 NMDA antagonist 50 mM, H20 5 µM Tocris
Eserine Cholinesterase inhibitor 10 mM, H20 1 µM Sigma
Hemisulfate
4-aminopyridine K-channel blocker 100 mM, H20 5-20 µM Sigma
Atropine sulfate mAChR antagonist 2 mM, H20 2 µM Sigma
Gabazine GABA-A antagonist 10 mM, H20 10 µM Tocris
DAMGO MOR agonist 1 mM, H20 1 µM Tocris
Naloxone MOR antagonist 10 mM, H20 10 µM Sigma
WIN55212-2 CB1 agonist 20 mM, EtOH 5 µM Tocris
AM251 CB1 antagonist 20 mM, EtOH 5 µM Tocris
Mecamylamine nAChR antagonist 10 mM, H20 10 µM Tocris
Agatoxin P/Q-type Ca2+ blocker 300 µM, H20 300 nM Tocris
Conotoxin N-type Ca2+ channel blocker 500 µM, H20 500 nM Tocris

Drug applications

In general, each cell was used as its own control. Perfusion of water-soluble drugs 

typically lasted for 5-10 minutes before washing out or reversing with the appropriate 

antagonist. Due to the uncertainty of the stability of the whole-cell recordings, a given 

drug was washed out as soon as it was obvious that the drug had produced a maximal 

effect. In cases where a drug was not expected to be washed out or reversed (atropine, 
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WIN22512-2, AM251), a real effect was assumed if the access resistance of the cell 

remained stable (< 20% change).

Data acquisition

All recordings were made using an Axopatch 200B amplifier (Axon Instruments). Data 

were filtered at 2 kHz and digitized at 5-10 kHz using Clampex 10 software (Molecular 

Devices). Patch pipettes were pulled from borosilicate glass and had resistances of 2-5 

MΩ in the bath. Differential-interference contrast (DIC) optics were used to visualize 

cells in slices at 40X. However, due to the highly compact nature of CA1 pyramidal cells,

these recordings were usually made “blindly” by advancing the pipette through the layer 

on the diagonal and monitoring tip resistance. For whole-cell voltage clamp experiments, 

access resistance (Ra) was continually monitored with -5 mV voltage commands. Stable 

CA1 pyramidal cell recordings typically had values of Ra between 10-30 MΩ. If Ra 

changed by >20% during the experiment, data were not analyzed. In the few experiments 

requiring electrical stimulation, a concentric bipolar stimulating electrode was placed in 

s. radiatum approximately 400 µm from the recording site. Stimulus pulse duration was 

100-200 µs, with a typical intensity range of 100-500 µA, controlled by a stimulus 

isolation unit (A360, World Precision Instruments).

GENERAL ANALYSIS

Spontaneous IPSCs were analyzed using Minianalysis software (Synaptosoft). 

Calculation of DSI is described in more detail in the results chapters. Evoked IPSCs and 

LFPs were analyzed using Clampfit 10. All LFPs were bandpass-filtered between 1-20 
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Hz prior to analysis. Group data for LFPs are most often expressed as the integrated 

spectral power in a certain bandwidth calculated by summing the spectral powers in a 

given range and multiplying by the bin size. Clampfit was used to perform spectral

density analysis and correlations. In general, 2-3 trials were average per cell for each 

condition (control, peak drug effect, reversal). For L-IPSC and L-LFP experiments, three 

minutes elapsed between trials to allow for full recovery of the response back to baseline. 

For L-IPSC analysis, 10 seconds of activity at the “peak” of the response (greatest 

amplitude, usually the most rhythmic) were analyzed for each trial. This typically 

occurred within 10-15 seconds following the end of a stimulus train. The same epoch was 

used to compare control, drug, and reversal conditions (Fig. 2.5A). For analysis of LFPs, 

the same strategy was used, with the exception that a 20-second window was analyzed 

for each trial. For sIPSCs generated by CCh application to rat slices, 30-second windows 

were analyzed for baseline, CCh application immediately prior to drug application, 

during drug perfusion just before reversal, and peak of the reversal. Analysis of the 

silencing effect of sIPSCs (NpHR and Arch experiments) used five second windows 

immediately before and during the light pulse (Fig. 2.5B). Whenever possible, 2-3 trials 

(30 – 60 s between trials) were averaged per cell, however the transiency of the CCh 

activity in mice sometimes did not allow for this.
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Figure 2.5 - Illustrations of sIPSC analyses for optogenetic experiments. In A, boxed region at “peak” 

of response is analyzed. Two traces under each condition are averaged for this cell. In B, sIPSCs five 

seconds before and during the light pulse are analyzed. Two traces are averaged. The last two traces are not 

included in the analysis because the baseline sIPSCs (blue region) have diminished significantly.
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Statistical analysis

Data are reported as mean ± sem. In general paired t-tests were used, with a two-tailed p-

value of < 0.05 considered as threshold for significance. T-tests were performed using 

MS Excel. Non-parametric paired tests (Wilcoxon Sign-Rank) were used in cases where 

data were not normally distributed (Shapiro-Wilk Test), usually a consequence of small 

sample size with large variability in control groups. Rank tests were performed using 

online open access software VassarStats. Kolmogorov-Schmirnov tests were used to 

compare cumulative frequency distributions. Whenever group data are normalized to

control values, each cell is normalized to the group control mean rather than to its own 

control value, in order to maintain variability in the group (Valcu and Valcu 2011).
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CHAPTER 3: 

TEST OF THE HYPOTHESIS THAT CCK+ BASKET CELLS 

DRIVE CHOLINERGICALLY-GENERATED INHIBITORY

RHYTHMS IN CA11

INTRODUCTION

IPSP/Cs induced in CA1 pyramidal cells by global mAChR activation are generally 

sensitive to DSI (Pitler and Alger 1992, 1994; Martin and Alger 1999; Reich et al. 2005) 

and are often oscillatory at 4-7 Hz (Martin and Alger 1999; Reich et al. 2005; Karson et 

al. 2008). Therefore, CB1R+ (CCK) cells are probably a major source of the rhythmic 

IPSCs generated by bath-applied mAChR agonists. The question remains whether 

axonally released ACh is capable of similarly activating rhythmic IPSCs from CCK+ 

cells, or whether their participation is an artifact of the bath-application technique. Bath-

application cannot mimic the temporal or spatial characteristics of in vivo ACh release, 

which acts relatively rapidly in restricted regions with decreasing concentrations as it 

                                                
1 Most of the data presented in this chapter (Figs. 3.3 - 3.6) are published in Nagode et al. 2011. The 

original data figures are the same, with the exception that some example traces have been substituted. 

General background has been omitted to avoid redundancy with Chapter 1. Minor edits and rearrangements 

have been made to the original text of the introduction and discussion, but all rationales and conclusions are 

the same. I have also included supplemental figures that were not in the published manuscript, although 

several of them were provided as "reviewer figures". Results obtained after publication but which further 

support the central hypothesis of the manuscript are also included. 
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travels from its axonal release sites to non-synaptic receptors via ‘volume conduction’ 

(Vizi and Kiss 1998). Bulk extracellular electrical stimulation in acute slices releases 

ACh that activates interneurons (Pitler and Alger 1992; Widmer et al. 2006), yet bulk 

stimulation can also affect non-cholinergic fibers and glia.

Figure 3.1
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Figure 3.1 -  Proposed microcircuit models of cholinergically-generated oscillations in CA1. In the 

"PV" Model, tonic excitation of PV+ cells via mAChR activation, coupled with rhythmic glutamatergic 

input, generates rhythmic inhibitory input to pyramidal cells. The source of the glutamate is irrelevant in 

this model, but could be either from CA3, or feedback excitation from CA1 pyramidal cells. Oscillations 

generated by this mechanism would be sensitive to MOR activation. In the "CCK" model, ACh also 

tonically depolarizes CCK+ cells via mAChR activation, but no concurrent glutamatergic signaling is 

required to generate rhythmic GABA release onto pyramidal cells. These oscillations would be sensitive to 

CB1R activation. AChR = acetylcholine receptor; MOR = mu-opioid receptor; CB1R = Type 1 

cannabinoid receptor; iGluR = ionotropic glutamate receptor. 
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Using an optogenetic approach to selectively release endogenous ACh from cholinergic 

fibers in hippocampal slices, I will test three predictions of the "CCK" microcircuit model 

of ACh-generated rhythms (Fig. 3.1): 1) that selective stimulation of ACh release can 

initiate rhythmic IPSCs independently of activation of pyramidal cells or glutamatergic 

synapses, 2) that these IPSCs can serve as “current generators” for local field potential 

oscillations (Buzsaki 2002; Ellender and Paulsen 2010) in CA1, and 3) that the rhythmic, 

endocannabinoid-sensitive IPSC activity that occurs in carbachol-treated slices is also 

triggered by endogenous ACh.

MATERIALS AND METHODS 

Methods for virus preparation, stereotactic injections, and preparing hippocampal slices 

are provided in the General Methods chapter (Ch. 2). 

Injections

ChAT-Cre mice, ≥ 8 wks old, were stereotactically infused with 1-1.5 μl of AAV-ChR2-

mCherry into the MS/DBB. Hippocampal slices were prepared from ChAT-Cre mice ≥ 5 

weeks later. PV-Cre mice of the same age were injected with AAV-ChR2-mCherry in the 

MS/DBB.

Electrophysiology

Artificial cerebro-spinal fluid (ACSF) contained (mM): 120 NaCl, 3 KCl, 2 MgSO4, 2.5 

CaCl2, 1 NaH2PO4, 25 NaHCO3, 10 or 20 glucose, and was bubbled with 95% O2 and 

5% CO2. Voltage-clamped IPSCs were recorded at a holding potential of -70 mV with 
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patch pipettes filled with (mM) 85 Cs-methanesulfonate, 50 CsCl, 10 Na-HEPES, 3 ATP-

Mg, 0.3 GTP-Tris, 0.1 CaCl2, 1 Cs4-BAPTA, 5 QX-314, and 1 MgCl2 (pH 7.2, 290 –

300 mOsm). Pipettes had resistances of 3–6 MΩ in the bath and access resistance was

continually monitored; if it changed by >20%, data were discarded. 

Analysis

Signals were filtered at 2 kHz and digitized at 5-10 kHz. LFPs were filtered between 1-20 

Hz prior to analysis. Data were analyzed with Clampfit10 and Mini-analysis (Synaptosoft

Inc.). DSI of L-IPSCs was calculated as the ratio of integrated current within a 5 s 

window ~5 – 10 s after a depolarization step (to avoid the large inward current artifact 

that would otherwise interfere with the charge calculation), compared to the same

quantity taken immediately before the step, normalized for the transience of the L-IPSC 

bursts (Fig. 3.2); ≥ 2 DSI trials were averaged per cell. Data are given as mean ± SEM. 

Significance levels for paired t-tests are indicated. 
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Figure 3.2
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where A,B,C,D is the integrated IPSC charge (pA ∙ ms) within the given time window 
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Figure 3.2 - Method for calculating DSI of IPSCs. Upper trace shows a "control" burst of IPSCs, and 

lower trace shows a burst of IPSCs in the same cell, in which a 2 s long depolarization to 0 mV was given 

in the middle of the burst (i.e. a DSI step). For calculation of DSI, the onset of the large amplitude IPSC 

burst in control and DSI traces is lined up. Total IPSC charge is integrated within the indicated windows 

(A,B,C,D), and DSI(%) is calculated using the formula given below the traces. 

RESULTS 

Optogenetic release of ACh generates rhythmic bursts of IPSCs

We recorded from CA1 pyramidal cells in hippocampal slices with ChR2-mCherry 

labeled cholinergic axons (Fig. 3.3B) and delivered trains of blue light pulses (1-10 s/5 

Hz, 5-ms pulse duration). In the presence of iGluR antagonists, light trains could induce 

bursts of large, rhythmic IPSCs that greatly outlasted the light stimulation (e.g., Fig. 

3.3D). These are considered light-evoked, or L-IPSCs, even though their occurrence did 

not  depend on continuous light stimulation. We observed L-IPSCs in 9 cells, of which 
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data from 7 were sufficient to permit analysis. The L-IPSC bursts occurred near or 

slightly after the end of the light stimulation (onset latency 9.4 ± 3.48 s, n = 7 cells). The 

baseline IPSC frequency of 4.5 ± 1.33 Hz and amplitude, 19.1 ± 1.70 pA, increased to 5.3 

± 1.34 Hz and 52.8 ± 16.98 pA, respectively, during the bursts. The duration of the L-

IPSC bursts varied between 11.0 and 65.5 s (33.7 ± 9.38 s). Hence, light stimulation of 

cholinergic axons causes activation of CA1 interneurons. Unfortunately, there was 

significant trial-to-trial and cell-to-cell variability, and success rate in obtaining such 

records was unsatisfactory (we observed clear L-IPSC responses in only ~10% of the 

cells recorded from). The low success rate is presumably related to the variable truncation 

of MS/DBB axons that were superficial enough to be activated by light.  Although there 

was no obvious, strong relationship between mCherry fluorescence intensity and success 

in eliciting ACh responses, we do not have detailed information on the proximity of the  

ACh release sites and the cholinergic receptors on the interneurons, which must be a 

major variable. These results demonstrate the basic concepts that optogenetically released  

ACh activates CA1 interneurons and induces rhythmic L-IPSCs that are independent of 

ionotropic glutamate receptors. However, the variability in the results precluded an 

efficient investigation. To enhance the success rate, we applied the cholinesterase 

inhibitor, eserine (1 μM), to permit the ACh to diffuse farther from its release sites, and a 

low (10-20 μM) concentration of the K+-channel antagonist, 4-AP, to enhance the ChR2-

induced neurotransmitter release (Hull et al. 2009; Petreanu et al. 2009). Under these 

conditions robust, repeatable L-IPSC bursts were evoked in 22/25 cells (88%, e.g. Fig. 

3.4A). Apart from increasing the success rate and slightly affecting the responses 

quantitatively, the presence of eserine and 4-AP did not appear to affect the IPSC 
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oscillations qualitatively; the large IPSC amplitudes and oscillation frequencies with the 

drugs present were similar to the responses evoked in their absence (for eserine-only 

controls, see Fig. 3.7). Comparison of data from an untreated slice (Fig. 3.3) and a treated 

slice (Fig. 3.4) showed peak spectral power in the range of ~3 Hz (Figs. 3.3D4, 3.4B1), 

which was similar to the peaks observed in the autocorrelograms (Figs. 3.3D4, 3.4B2). 

Eserine and a low concentration of 4-AP were present in all subsequent experiments. 

Figure 3.3 - ChR2- mCherry expression in cholinergic MS/DBB projection neurons and light-

induced IPSCs in CA1 pyramidal cells. A) Tissue section through the MS/DBB showing ChR2-mCherry, 

immunostaining for ChAT, and the merged image. B) Section of the hippocampus showing ChR2-mCherry 

expression in axons. sr = s. radiatum; sp = s. pyramidale; so = s. oriens. C) Schematic drawing of the 

recording arrangement. D1) Continuous recording from a CA1 pyramidal cell in a ChR2-expressing slice. 

Repeated 10-s trains of 5-ms blue light flashes repeated at 2-min intervals (squares) elicited bursts of L-

IPSCs (downward deflections). A single light pulse (downward triangle) had no obvious effect. The small 

upward deflections (truncated in the illustration) are capacitive transients produced by conductance pulses 

given to the cell. D2) Two trials (1 and 3 in D1) in the absence of iGluR antagonists were aligned at the 

time of the light train and overlapped. D3) Two trials (4 and 5 in D1) in the presence of iGluR antagonists, 

5 μM NBQX plus 5 μM CGP37849, were aligned and overlapped. An expanded portion of the trace 

(below) reveals the occurrence of rhythmic L-IPSCs after the end of the light train. (The traces in D2 and 

D3 are shown at a larger amplitude scale than in D1, and the largest IPSCs are cut off.) The autocorrelation 

function (D4, left) and power spectrum (D4, right) illustrate the regularity (peak frequency ~3 Hz) of L-

IPSC activity from this cell. 
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Figure 3.3
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Figure 3.4
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Figure 3.4 -  L-IPSCs oscillate rhythmically at low frequency in eserine and 4-AP. Results from a 

typical pyramidal cell recorded in the presence of the cholinesterase inhibitor, eserine, 1 μM, and a low 

concentration of the voltage-gated K+ channel blocker 4-AP, 10 μM, in the extracellular solution. A train 

(5-ms light pulses, 5 Hz, 5 s) was delivered during the horizontal blue line. A) After a delay of several 

seconds a burst of large L-IPSCs began and persisted for > 1 min. The IPSCs occurred rhythmically, with a 

peak frequency of ~3 Hz (power spectrum in B1, autocorrelogram in B2). Eserine and 4-AP were present in 

all subsequent experiments. 
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Large L-IPSC bursts with similar time courses could be repeatedly evoked in a given 

cell (e.g. Fig. 3.5A1), had onset latencies of 9.5 ± 2.21 s from the beginning of the light 

train and lasted for 72.5 ± 7.90 s (n = 11 cells). The L-IPSC amplitude was 105.5 ± 

19.59 pA (vs. basal IPSCs, 38.8 ± 6.98 pA, n = 15 cells, p = 0.001, Fig. 3.5A3, left 

graph). The larger size of the IPSCs and longer duration of the responses apparently 

reflected the effects of eserine and 4-AP. As noted, however, the overall effects of the 

light stimulation were qualitatively similar to the untreated condition. The frequency of 

all IPSCs was increased by light stimulation from 3.4 ± 0.33 Hz (basal) to 7.1 ± 0.46 

Hz during the light-induced bursts (n = 15, p < 0.001, Fig. 3.5A3, middle graph). The 

increase in large L-IPSCs appeared especially dramatic. Large hippocampal IPSCs 

often represent the summation of smaller IPSCs (e.g., Alger et al. 1996) and this is 

especially true of IPSCs originating from CCK+ interneurons (Biro et al. 2006). 

Increases in large IPSCs may represent enhanced synchrony of release from these 

interneurons. We cannot distinguish the small IPSCs that may act as subcomponents of 

the large ones from other small IPSCs in these experiments, however. Reanalysis of 

the data with a threshold of 1.96X the mean basal IPSC (to capture the largest IPSCs, 

those at least 2 s.d. greater than the mean) revealed that the frequency of large L-IPSCs 

increased from 0.6 ± 0.11 Hz (basal) to 3.4 ± 0.41 Hz after light stimulation (n = 15, p 

< 0.001, Fig. 3.5A3, right graph). The general mAChR antagonist, atropine, 2 μM, 

prevented the occurrence of most L-IPSCs (Figs. 3.5A2, 3.5A3, middle graph, n = 6 

cells). As we have recently reported (Tang et al. 2011), in atropine brief bursts of small 

L-IPSCs could be recorded in 9 of 16 cells (e.g., Fig. 3.5B1), and these were virtually 

abolished by the non-selective nAChR antagonist, mecamylamine (Fig. 3.5B2). We did 
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not investigate nAChR-dependent events further in this study (but see Tang et al. 

2011). The GABAAR antagonist, gabazine, blocked all activity (n = 3 cells, Fig. 3.10), 

confirming that the responses are entirely IPSCs (iGluR antagonists were present). 

Thus, light-elicited ACh release can induce IPSCs in pyramidal cells via a relatively 

prolonged mAChR action and in some cases a shorter nAChR effect. We focused on 

the mAChR-induced L-IPSCs. 

ACh-induced rhythmic IPSCs are sensitive to CB1R activation

To test the hypothesis that L-IPSCs mainly arise from CB1R+ interneurons under our 

conditions, we evaluated their susceptibility to DSI. Voltage steps (from the holding 

potential of -70 mV to a value from 0 to +30 mV, lasting 2 or 3 s, depending on the cell) 

were used to elicit DSI. L-IPSC DSI was evaluated by comparing the current trace 

integrals (a measure that includes all L-IPSCs and not just the largest ones) before and 

after the voltage step (see Methods). We observed that L-IPSCs were suppressed by 70.5 

± 4.7% (p < 0.001, n = 11, Fig. 3.5C). The CB1R antagonist, AM251, prevented the 

suppression (3.5 ± 6.54%, n = 4, n.s.) confirming that it was endocannabinoid-dependent. 

Hence, the majority of L-IPSCs originate in CB1R+ interneurons. 
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Figure 3.5

Figure 3.5 - L-IPSCs are triggered primarily by mAChRs and reduced by endocannabinoids. A) 

Repeated light trains (5 Hz, 10 s, 5-ms pulses) elicited IPSC bursts (A1) that were nearly abolished by 

atropine (A2). A3) Group data of IPSCs in basal (Pre) conditions, and after light stimulation (Post). Values 

of amplitudes and frequency for all IPSCs (left and middle graphs), and frequency of large IPSCs (i.e., two 

s.d.s > the mean basal IPSC; right graph). B1) In atropine, light trains (10 Hz, 0.5 s) elicited small IPSC 

bursts (5 traces, mean in red) that were reduced by the non-selective nAChR antagonist, mecamylamine, 10 

μM (B2, 2 traces, different cell than A1, A2). C1) L-IPSCs recorded in a CA1 pyramidal cell elicited by a 5 

Hz, 10-s train of light pulses. DSI was induced by a 3-s voltage step (to +20 mV). C2) Control trials show 

IPSC bursts in the absence of DSI. C3, C4) DSI of L-IPSCs was blocked by the CB1R antagonist, AM251, 

5 μM (different cell than C1, C2). C5) Group data (n = 4) of DSI in control conditions and after bath 

application of AM251; * = p < 0.05; ** = p < 0.01. 
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Optogenetic release of ACh drives local inhibitory field potentials

Direct electrical stimulation of perisomatic-targeting interneurons can synchronize 

pyramidal cell firing (Cobb et al. 1995). Perisomatic-targeting interneurons have wide-

ranging axonal projections, with a single cell synapsing on hundreds of pyramidal cells 

(Freund and Buzsaki 1996). If the L-IPSCs originate from perisomatic-targeting 

interneurons, they should affect the CA1 cell population over a wide area even with 

iGluR antagonists present. To test this hypothesis, we recorded LFPs with extracellular 

electrodes and delivered light stimulation. Light trains induced rhythmic bursts of LFPs 

(L-LFPs) in 16/22 (73%) of slices (Fig. 3.6A1). The rhythmic L-LFPs were abolished by 

gabazine, confirming that they were driven by GABAAR responses (n = 3, Fig. 3.10). 

Spectral analysis of the LFPs shows that the bursts of rhythmic activity occurred at a 

peak frequency of ~3 Hz. Following light stimulation, total power in the range of 2-12 Hz 

was increased by 28.9 ± 6.69 μV2 (n = 9) and this increase was essentially abolished by 

atropine (0.03 ± 0.63 μV2 over baseline power, n = 5, Fig. 3.6A2).  

LFPs occurred across a broad area of the CA1 region because recordings with two field 

electrodes separated by ~200 μm detected a strong cross-correlation (e.g., Fig. 3.6B). If 

the L-LFPs are indicative of the extracellular fields generated by perisomatic targeting 

interneurons, then the rhythmic L-LFPs and L-IPSCs should also be closely related. This 

prediction was supported by cross-correlation analysis of simultaneously recorded L-

LFPs and L-IPSCs (Fig. 3.6C); similar results obtained in 9/10 slices. A final prediction 

of the hypothesis that perisomatic interneurons drive the L-LFPs is that a current source 

density analysis should show a reversal in or near s. pyramidale. Synchronous inhibitory 
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inputs to a population of pyramidal cell somata creates a current source in s. pyramidale, 

i.e., outward currents flowing during the perisomatic IPSPs which are detected as local 

positive waves, while the dendritic regions serve as current sinks (Buzsaki 2002). Indeed, 

simultaneous recordings with two field electrodes, one in s. pyramidale and one moved to 

various positions in s. radiatum or s. oriens, confirmed this prediction. The field 

oscillations were highly correlated, but ~ 180o out of phase (Fig. 3.6D), with positive 

peaks in s. pyramidale occurring simultaneously with negative peaks in the dendritic 

regions; similar results obtained in 4/4 slices tested.

Figure 3.6 - Activation of ChR2 generates rhythmic inhibitory LFPs. A1) Extracellular recording in s. 

pyramidale. Light trains (5 Hz, 10 s) elicited bursts of LFPs. A2) Group data showing increase in total LFP 

power obtained by integrating the spectral analysis over the range of 2-12 Hz, before and after atropine 

application (n = 5, *p < 0.05). B) As in (A) except that two extracellular electrodes were placed ~200 μm 

apart. The plot shows that the two L-LFPs were temporally cross-correlated. C) Simultaneous recordings of 

L-IPSCs and LFPs recorded ~200 μm away. C1) Cross-correlation plot indicates L-IPSC peak occurs very 

near the LFP peak. C2) Sample traces of simultaneous L-IPSC, L-LFP recordings. D) Sink-source analysis 

of L-LFPs. D1) Dots indicate recording locations. D2) Two extracellular electrodes recorded L-LFPs at 

locations 1 – 5; traces show LFP cross-correlations versus the simultaneous LFP recorded in s. pyramidale 

(4). The records suggest an LFP current source near 4. 
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Figure 3.6
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SUPPLEMENTARY (UNPUBLISHED) RESULTS 

The first three supplementary figures (Fig. 3.7, 3.8, 3.9) will address three important 

potential criticisms of the manuscript (only one of which was brought up by reviewers). 

Also included are additional pharmacological controls (Fig. 3.10), as well as 

representative synaptic ACh responses in interneurons (Fig. 3.11).

"The 4-AP problem"

It might be argued that the “artificial conditions” of eserine and 4-AP created an entirely 

aphysiological system. While the tissue possesses the biological capability to generate 

rhythms in response to ACh release in normal ACSF (Fig. 3.3), the low success rate is 

admittedly troubling. A particular concern is that 4-AP may enhance the excitability of 

CCK+ terminals and thus make them more responsive to ACh than they would normally 

be. Because of the short duration and relative infrequency of L-IPSCs in normal saline, it 

was not feasible to test for DSI. It is therefore a valid concern that the L-IPSCs in 4-AP

might be qualitatively different, and not share the same cellular mechanisms as IPSCs in

its absence. However, as shown in Fig. 3.7, L-IPSCs could be evoked after application of

eserine only, with a somewhat higher success rate (2/5 cells) compared to normal ACSF 

(2/20 cells). These L-IPSCs were sensitive to DSI and blocked by atropine (Fig. 3.7A), 

and thus were qualitatively similar to those in the presence of 4-AP. If anything, the use 

of 4-AP may have lead to an underestimation of CCK+ cell involvement, as DSI is 

completely blocked by relativity low concentrations (50 µM; Varma et al. 2002).
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To test whether activation of ChR2 in distal axon terminals is a general problem, ChR2-

mCherry was injected into the MS/DBB of PV-Cre mice. PV-containing GABAergic 

projection cells are the other major neuron population in the MS/DBB, and their 

hippocampal projections target exclusively interneurons (Toth et al. 1997). In 

hippocampal slices from these animals, single brief light pulses were sufficient to 

generate robust PV-IPSCs in interneurons in normal saline (Fig. 3.7B). Similar results 

were obtained in 2/2 interneurons, 0/1 pyramidal cell. Addition of 4-AP enhanced and 

caused a lasting potentiation of the PV-IPSC (Fig. 3.7C). Potentiation induced by 4-AP 

alone has not been reported in the hippocampus at either excitatory or inhibitory 

synapses, however 4-AP does enhance basal glutamatergic transmission and lower the 

threshold for induction of LTP in pyramidal cells (Hass and Green 1985; Lee et al. 1986).  

4-AP is expected to increase release probability by enhancing the Ca2+ entering through 

VGCCs (Hjelmstad et al. 1997).  Combined with the significant amount Ca2+ entering 

through the ChR2 pore, this might cause a pre-synaptic form of LTP at septal-interneuron 

inhibitory synapses. This was not further explored. However, the experiment confirms 

that, in my hands, ChR2 1) does accumulate in distal axon terminals and 2) can be 

activated with single brief light pulses in normal saline (Petreanu et al. 2007). The 

paucity of robust L-IPSC responses in ChAT-Cre mice without 4-AP could reflect 

something fundamentally different about ACh transmission (compared to GABA), such 

as the need for prolonged Ca2+ elevation in terminals, or the need to generate much more 

ACh release to overcome degradation by AChE. Indeed, postsynaptic ACh

depolarizations evoked by light in single interneurons were generally very small, even in 

the presence of 4-AP and eserine (Fig. 3.11). There have been similar findings using 
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stimulation via optogenetic (Bell et al. 2011; Gu and Yakel 2011) or electrical (Widmer 

et al. 2006) means. Regardless, the main purpose for using ChR2 was enhanced 

selectivity for ACh axons, and it was beyond the scope of this study to investigate 

presynaptic factors governing ACh release. 

Figure 3.7 - The occurrence of DSI-senstive L-IPSCs does not require the presence of 4-AP. A) L-

IPSCs in normal saline w/ iGluR antagonists, and after addition of eserine only. These L-IPSCs are 

sensitive to DSI, and blocked by atropine. Each panel above shows two consecutively superimposed trials 

under the same conditions.  B) ChR2 activation of septal GABAergic fibers in hippocampal slices from 

PV-Cre mice injected with AAV-ChR2-mCherry in the MS/DBB. Whole-cell recording from an 

interneuron in s. radiatum with a high CsCl electrode. In normal ACSF, a single brief light pulse (1.5 ms) is 

sufficient to generate a large IPSC. C) Different interneuron than B. A single brief light pulse in normal 

ACSF also generates an IPSC. This IPSC is potentiated by application of 4-AP (20 µM), which is not 

reversible after extensive washing (> 20 min).
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Figure 3.7
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Possible iGluR involvement in the rhythms

A second criticism one may offer is that virtually all experiments (except those in Fig. 

3.3) were performed in the presence of iGluR antagonists. This obviously would not 

occur in vivo. Therefore, several experiments were performed in the presence of eserine 

and 4-AP only.  Light-driven IPSCs under these conditions were similarly sensitive to 

DSI, and were completely abolished by gabazine (Fig. 3.8A1). The increase in frequency 

was comparable to that in the presence of iGluR antagonists (from 3.2 ± 1.1 Hz to 5.7 ±

0.8 Hz, n = 5, p = .008, Fig. 3.8A2) as was the increase in amplitude (from 26.5 ± 7.0 pA 

to 73.0 ± 20.5 pA, n =5, p = 0.030, Fig 3.8A2). The spectral plot indicates that the 

greatest power is in the low frequency range (2-5 Hz; Fig. 3.8A3). DSI was slightly 

smaller (55.4 ± 14.6% compared to 69 ± 8% with iGluR blockers). These experiments 

were done over a year apart, and it has been our experience that DSI can fluctuate, with a 

“lifetime” average around 50% (unpublished). Additionally, occasional EPSCs, which are 

less sensitive to eCBs, might contribute to smaller DSI.  Regardless, even with excitatory 

signaling intact, ACh appears to select for an inhibitory, CCK-driven circuit intrinsic to 

CA1. 
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Figure 3.8
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Figure 3.8 - DSI-sensitive L-IPSCs occur in the absence of iGluR antagonists.  A1) Example of light-

driven spontaneous activity in ChAT-Cre mice in eserine and 4-AP only, which is sensitive to DSI and 

blocked by gabazine. Similar gabazine effect in 2/2 cells. A2) Without iGluR antagonists, light causes an 

increase in sIPSC amplitude and frequency. A3) Light-driven activity has power in the low frequency (2-5 

Hz) range. 
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Effects of an exogenous CB1R agonist on L-IPSCs and L-LFPs

Because several seconds of L-IPSC activity was recorded before giving a DSI step, it is 

unclear if the entire L-IPSC response is cannabinoid-sensitive. However, application of 

the CB1R agonist WIN55212-2 (5 µM) prevented the entire response (Fig 3.9A1). The 

distributions of L-IPSC amplitudes remaining after DSI or WIN application did not differ 

(Fig. 3.9A5). 

To directly test whether the L-LFPs are also CB1R sensitive, WIN (5 µM) was bath 

applied. WIN also prevented the L-LFP (net increase, 1.28 ± 1.37 µV, p = .36,  Fig.

3.9B), further supporting that CCK+ cells are necessary for generating both the L-IPSCs 

and  L-LFPs. It should be noted that CB1R agonists have been shown to reduce ACh 

efflux in vitro (Gifford and Ashby 1996, Kathmann et al. 2001) and in vivo (Tzavara et 

al. 2003), thus the results in Figure 3.9 do not preclude a direct effect of WIN on the ACh 

terminals. However, given the near complete block of L-IPSCs by DSI (Fig. 3.5, Fig.

3.8), and the sensitivity of CCh-driven rhythms to WIN (Karson et al. 2008), it is unlikely 

that CB1Rs on ACh terminals contribute more than a small fraction to the WIN effect. 
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Figure 3.9 - Effects of a CB1R agonist on L-IPSCs and L-LFPs.  A1) L-IPSCs under control conditions 

(iGluR antagonists, eserine, 4-AP) are sensitive to DSI (second trace) and abolished by application of 

WIN55212-2 (third trace). A2, WIN does not block L-IPSCs in a slice pretreated with AM251 (5 µM). 

AM251 pretreatment trace is from a different cell. Following WIN application, light pulses no longer 

generate a significant increase in IPSC amplitude (A3) or frequency (A4). A5) cumulative frequency plot 

of L-IPSC amplitudes from representative cell before and after DSI and WIN treatment. B1) L-LFP 

recorded under control conditions and after application of WIN. B2) Spectral analysis of the traces shown 

in B1. B3) Group data for the net increase in LFP amplitude following light stimulation in control 

conditions and following WIN application.    
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Figure 3.9
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Controls for iGluR, GABAAR, and mAChR antagonists

As action potentials might conceivably contribute to the L-LFPs (Buzsaki et al. 2012), a 

critical control is to demonstrate that they are blocked by a GABAAR antagonist. Indeed, 

gabazine (10 µM) abolishes the L-LFPs (Fig. 3.10A1-3). Because the LFP waveform

resembles an extracellularly-recorded action potential, LFPs were generated by 

optogenetically stimulating PV+ cells in PV-Cre mice injected in the hippocampus with 

ChR2-mCherry. The PV-LFP waveform was similar to that generated by ACh, and it was 

also abolished by gabazine (Fig. 3.10A4). 

Two predictions of the hypothesis — that ACh-driven IPSCs are sensitive to both 

atropine and gabazine — were never tested in a single cell for the manuscript (Fig. 3.3 –

3.6). Figure 3.10B2 demonstrates that gabazine completely and reversibly blocks the 

response, which is subsequently abolished by atropine (not reversible). Although a lack 

of any LFP  in gabazine is one positive control for the concentration of iGluR 

antagonists, fEPSPs in rat hippocampal slices were also abolished by the same 

concentrations of NBQX and CGP37849 (to -0.04 ± 1.6% of control, n = 5, Fig. 3.10A5), 

confirming that all iGluRs are blocked.

In vitro, nicotine can influence the patterning of network activity (Cobb et al. 1999) as 

well as GABA release (Tang et al. 2011; Alkondon et al. 1997). Application of nicotine 

can generate low-frequency oscillations in hippocampal slices (Lu and Henderson 2010). 

Although atropine completely abolished the L-IPSCs and L-LFPs in my experiments

(Fig. 3.5 and 3.6), and mecamylamine abolishes the brief asynchronous L-IPSC bursts 
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(Fig. 3.5; also Tang et al. 2011), both nAChRs and mAChRs might be required for LFP 

generation. Application of mecamylamine (10 µM), however, had no significant effect on 

the L-LFP (100.0 ± 29% of control response, n = 4). While the variability precluded an 

investigation of possibly more subtle roles for nAChRs, the major nAChR and mAChR-

mediated responses appear to be temporally separate. This probably is attributable to the 

difference between ionotropic (nAChR) vs. metabotropic (mAChR) signaling, as well as 

to the fast desensitization of many nAChR subtypes. 

Synaptic ACh reponses in hippocampal interneurons

The diversity of synaptic ACh responses in CA1 interneurons is well-documented 

(McQuiston and Madison 1999a,b; Widmer et al. 2006), and has recently been 

demonstrated using optogenetics (Bell et al. 2011). However, in order to further confirm 

that interneurons were being directly activated by ACh in my hands (and that the 

optogenetically-released neurotransmitter is in fact ACh) several recordings were made 

from interneurons in the whole-cell current clamp configuration. Most of the responses 

were atropine-sensitive (Fig. 3.11A,D), but mecamylamine-sensitive responses were also 

observed (Fig. 3.11B). The response magnitude was dependent on pulse duration (Fig. 

3.11E), number (Fig. 3.11F), and train frequency (Fig. 3.11G). Note that a 5 Hz train 

seems to be an optimal frequency for ChR2-evoked synaptic responses (Fig. 3.11G). This 

is comparable to the firing rate of septal ACh neurons in vivo during theta rhythms

(Brazhnik and Fox 1997; Apartis et al. 1998). 
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Figure 3.10 - Additional pharmacological controls for iGluR, GABAAR, and nAChR antagonists. A) 

L-LFPs in ChAT-Cre mice are abolished by application of the GABAAR antagonist gabazine. iGluR 

antagonists are present.  A2) Spectral analysis of the recording in A1 demonstrating that gabazine 

completely abolishes all low-frequency spectral power back to pre-stimulus levels. A3) Group data 

showing the effect of gabazine on the net 2-12 Hz spectral power of L-LFPs. A4) Upper, single L-LFP 

waveform in ChAT-Cre mice. Middle, ChR2-induced LFP in PV-Cre mice, which resembles the 

“spontaneous” LFP waveform in ChAT-Cre mice. Lower, ChR2-evoked LFP in PV-Cre mice is blocked by 

gabazine. A5) fEPSP recorded from s. radiatum of rat hippocampal slices. Stimulation also in s. radiatum. 

Control trace in black, red trace after application of iGluR antagonists. Both traces are averaged from 10 

consecutive sweeps. B1) Cartoon depicting the basic microcircuit hypothesized to generate the ACh-

generated IPSCs which I observe. B2) A single experiment demonstrating that L-IPSCs (upper trace) are 

abolished by gabazine (second trace), which is reversible (third trace). After recovery from gabazine, the L-

IPSCs are also abolished by atropine. C1) Upper trace, L-LFP in ChAT-Cre mice. Middle trace, application 

of the non-specific nAChR antagonist mecamylamine appears to have no effect on the L-LFP, but atropine 

(lower trace) abolishes it. C2) spectral analysis of the experiment in C1, demonstrating that mecamylamine 

has little or no effect on the spectral power of the LFP, while atropine blocks it down to pre-stimulus 

(baseline) levels. C3) Group data showing no significant effect of mecamylamine application on the 2-12 

Hz LFP power.
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Figure 3.10
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Figure 3.11 - Synaptic ACh responses in CA1 interneurons. A) Interneuron at the border of s. radiatum

and s.l.m. Normal saline (upper) and after addition of atropine (lower). B) Interneuron in s. radiatum. 

Eserine and 4-AP present. Response is partially sensitive to atropine, insensitive to the α7 antagonist MLA, 

and abolished by the non-selective nAChR antagonist mecamylamine. C) Same cell as in B, before addition 

of eserine and 4-AP. Eserine alone greatly enhances the response. D) Interneuron on border of s. radiatum

and s.l.m. Eserine, 4-AP, iGluR blockers, gabazine, CGP55845 (10 µM) present (upper), and after addition 

of atropine (lower). E-G) Same cell as B, with varying pulse duration (E; 1, 2, 4 ms), pulse number (F; 1, 2, 

and 4 pulses at 5 ms duration), and train frequency (G; 1, 3, 5, 20 Hz, 5 ms pulse duration). 
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Figure 3.11
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DISCUSSION 

I used an optogenetic approach to test the hypothesis that CCK+ basket cells drive ACh-

generated inhibitory rhythms in CA1. The results are consistent with that hypothesis. 

mAChR-induced IPSC activity was driven independently of iGluRs (Williams and Kauer 

1997), septal GABAergic afferents (Freund and Antal 1988) or modulators that might be 

released by electrical stimulation. I cannot rule out that ACh itself may have influenced 

the release of additional modulators that in turn affected the interneurons, but this 

concern will apply to essentially all past investigations of ACh action as well. LFOs 

induced by ACh release were detectable both in whole-cell IPSCs and extracellularly 

recorded LFPs.

Despite the relatively low success rate in obtaining robust ACh-induced IPSC activity in 

slices not treated with eserine and 4-AP, the facts that: a) such activity could be induced 

and, b) the properties of the responses that occurred in untreated slices were qualitatively 

similar to those in treated slices, demonstrate that the responses were not created by the 

drugs, but represent a fundamental biological capacity of the system (see also Fig. 3.7). 

These results therefore show that optogenetically released ACh is sufficient to induce 

rhythmic inhibition. 

This model system provides some unique advantages for studying the kinetics and 

regulation of ACh effects on inhibition. The onset of the ACh activation of IPSCs takes 

place within seconds of the light stimulation, much faster than can be achieved by bath-

perfusion. This lag of ~9 s before the appearance of large, rhythmic IPSCs may reflect 
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the kinetics of the mAChR-dependent response, intrinsic interneuron biophysical 

properties, as well as interactions among the interneurons (Beierlein et al. 2000; Galarreta 

et al. 2004), and diffusion delays across distances between the cholinergic receptors and 

ACh release sites. 

Selective release of ACh thus permitted independent support for the proposal (Cea-del 

Rio et al. 2010) that CCK+ basket cells are more readily activated by endogenously 

released ACh than are PV+ basket cells. Mu-opioid receptor (MOR)-sensitive IPSCs can 

also be triggered by CCh application (Guylas et al. 2010). CB1R- (presumed PV+) cells 

receive numerous glutamatergic inputs and are strongly activated by glutamatergic 

synapses, indicating that under many conditions PV+ cells primarily mediate feedforward 

inhibition (Glickfeld et al. 2008). However, our data suggest that the CCK+ basket cells 

could also contribute significantly to feedforward inhibition when ACh release occurs. 

Cholinergic stimulation of CCK+ cells might enable them to assist the PV+ cell network 

in initiating inhibitory oscillations (Freund and Katona 2007) under different conditions 

in vivo.

Because of its spatially restricted nature, the illumination likely did not activate all the 

interneurons that would be activated following the firing of septal afferents, and 

additional interneurons no doubt participate in cholinergically-generated rhythms in vivo. 

Interneurons in s. oriens driven by glutamatergic inputs participate in CA1 theta rhythm 

IPSCs (Gillies et al. 2002) and mAChR agonists induce theta-like membrane potential 

oscillations in dendritic-targeting, oriens-lacunosum moleculare (O-LM) interneurons 
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(Chapman and Lacaille 1999). In addition, interactions between CCK-and PV-networks 

(Karson et al. 2008, 2009) might participate in LFO generation by ACh, but testing this 

possibility was well beyond the scope of the present investigation (see Chapter 5 though). 

True behaviorally-relevant oscillations are highly complex, and the function of the CCK+ 

network in the larger oscillatory circuitry in vivo remains to be elucidated. This in vitro

model, however, yields repeatable results, and will be used to uncover new potential 

players in the CA1 oscillatory circuitry in the following chapters. 
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CHAPTER 4:

TEST OF THE HYPOTHESIS THAT CCK+ CELLS ARE 

SUFFICIENT TO DRIVE CHOLINERGICALLY-GENERATED 

OSCILLATIONS IN THE HIPPOCAMPUS

INTRODUCTION

Results presented in the previous chapter favor a model of a cholinergically-driven 

inhibitory oscillator that is intrinsic to CA1. The data also are consistent with a 

requirement for GABA release from CB1R+ (CCK+) basket cells in generating the 

rhythms, however it is important to note that most interneuron types in CA1 are 

modulated by ACh (Widmer et al. 2006; McQuiston and Madison 1999). This includes 

the other basket cell interneurons, the PV+ basket cells, which are depolarized by both 

cholinergic agonists (Guylas et al. 2010; Cea-del Rio et al. 2010) and endogenous ACh 

(Widmer et al. 2006, Cea-del Rio et al. 2010), mostly via activation of somatodendritic 

M1 mAChRs (Cea del Rio et al. 2010). 

Although both basket cell types fire in response to ACh, pharmacological methods can be 

used to determine the source of GABA release onto pyramidal cells. Synchronous GABA 

release from PV+ cells is controlled exclusively by P/Q-type VGCCs, while release from 

CCK+ cells is controlled exclusively by N-type VGCCs. Thus, selective antagonists of 

P/Q and N channels – ω-agatoxin-IVa and ω-conotoxin GVIA, respectively (Wheeler et 

al. 1994) – can distinguish between the two sources of perisomatic IPSCs in pyramidal 

cells (Freund and Katona 2007; Hefft and Jonas 2005).  Additionally, different Gi/o-
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coupled GPCRs regulate release from PV+ and CCK+ terminals. As already described, 

CB1Rs are located exclusively on CCK+ terminals (Katona et al. 1999). Release from 

PV+ cells, however, is modulated by mu-opioid receptors (MORs; Glickfeld et al. 2008; 

Krook-Magnuson et al. 2011; Guylas et al. 2010). In CA1, MORs are most highly 

expressed on PV+ cells compared to other interneuron types, with approximately half of 

all PV+ terminals, axons, and dendritic shafts, and one-third of all PV+ somata containing 

MORs. By contrast, MORs are conspicuously absent from CCK+ cells (Drake and Milner 

2002). Accordingly, MOR agonists hyperpolarize PV+ soma and profoundly inhibit 

GABA release from PV+ terminals, but have little or no effect on GABA release from 

CCK+ cells (Glickfeld et al. 2008; Neu et al. 2007). 

In CA3, carbachol (CCh) application generates higher frequency oscillations in the 

“gamma” range (40 to 70 Hz; Hajos et al. 2004; Oren et al. 2010).  The gamma LFP is 

greatly suppressed by a MOR agonist, and PV+ basket cells show the highest degree of 

phase modulation by the LFP (Guylas et al. 2010). In vitro, morphine also suppresses 

CA3 gamma rhythms that arise from tetanic stimulation of the s. oriens, and this effect is 

blocked by the MOR antagonist cyprodime (Whittington et al. 1998). Thus, it would 

appear that in CA3, ACh selectively activates the PV+ network to generate oscillations. In 

CA1, however, application of CCh generates rhythmic, DSI-sensitive sIPSPs in the 

presence of ω-agatoxin-IVa (Karson et al. 2008), suggesting that GABA release from 

PV+ cells is not required in CA1. 
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It is possible that some of the controversy surrounding microcircuit models of ACh-

generated rhythms results from focusing on different hippocampal subregions (CA3 vs. 

CA1), or on different rhythms (theta vs. gamma).  However, application of cholinergic 

agonists has been the preferred method of stimulating cholinergic effects in every study to 

date (with the exception of our manuscript, Nagode et al. 2011), and the effects of a MOR 

agonist on oscillations generated by endogenous ACh have never been investigated in any 

hippocampal subregion. A further prediction of the model which I proposed at the end of 

Chapter 3 is that the inhibitory low-frequency oscillations (LFOs) generated by selective 

release of endogenous ACh will be relatively insensitive to MOR activation.  I will test 

this and other predictions of the “CCK-driven” hypothesis using optogenetic release of 

ACh in mouse hippocampal slices, as well as conventional pharmacological activation of 

cholinergic receptors in rat slices.

METHODS

Procedures for animal surgery, slice preparation, and recordings are identical to those 

used in the previous chapter. For the experiments in Figure 4.5, hippocampal slices were 

prepared from male Sprague-Dawley rats (4-8 weeks). Analyses of L-IPSCs, LFPs, and 

DSI were done in the same manner as in the previous chapter. Charge (in pC) of L-IPSCs 

is reported for 10 s windows before stimulation and at the peak of the L-IPSC response 

(3-4 trials averaged per cell). Two-tailed paired t-tests were used to compare all groups, 

with one exception as noted below where a Wilcoxon Sign Rank Test was used.
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RESULTS

The MOR agonist DAMGO suppresses L-IPSCs and L-LFPs

L-IPSCs were generated in slices from ChAT-Cre mice as described in the previous 

chapter, with iGluR antagonists, eserine (1 µM), and 4-AP (5-20 µM) present. As in 

previous experiments, blue light stimulation caused a significant increase in IPSC 

amplitude (from 28.6 ± 2.0 to 70.9 ± 9.7 pA, p = 0.004, n = 8) and frequency (from 4.8 ± 

1.0 Hz to 5.8 ± 0.8 Hz, p = 0.040, n = 8, Fig 4.1A, B).  Consistent with the findings in 

Chapter 3, the light-induced IPSCs (L-IPSCs) were sensitive to DSI (58.0 ± 10.4%), 

implying that they originate in CCK+ basket cells (Wilson et al. 2001).  Surprisingly, 

though, bath application of the MOR agonist DAMGO (1 µM) completely prevented the 

increase in L-IPSC amplitude (from 26.8 ± 3.1 to 39.5 ± 8.2 pA, p = 0.114, n =8) and 

frequency (from 3.6 ± 0.9 to 4.1 ± 0.7 Hz, p = 0.355, n = 8, Fig 4.1A,B). The effects of 

DAMGO were reversed by applying the MOR antagonist naloxone (10 µM). 

Despite a lack of statistical significance, in some experiments it was clear that DAMGO 

did not fully prevent the increase in either the amplitude or frequency of L-IPSCs, and the 

responses were not entirely abolished.  Analysis of the total charge of L-IPSCs, which 

takes both amplitude and frequency into account, revealed a small but significant increase 

by light even in the presence of DAMGO (from 17.75 ± 3.67 pC to 33.14 ± 6.97 pC, p = 

0.042, n = 8, Fig 4.1C1). Re-analyzing data from the previous chapter also showed a small 

but significant increase in L-IPSC charge in the presence of WIN (from 24.15 ± 3.25 to 

34.51 ± 5.83 pC, p = 0.034, n = 7, Fig 4.1C1). Both WIN and DAMGO reduced L-IPSC 

charge by approximately 80% (Fig. 4.1C2), suggesting a significant amount of overlap 
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between CB1R and MOR- sensitive populations. In support of this, a plot of DSI 

magnitude vs. suppression of L-IPSC charge by DAMGO reveals that, although there is 

not a strong correlation (R2 = .0028), in half of the cells (4/8) the sum of DSI and 

DAMGO suppression is far greater than 100% (Fig. 4.1D). Additionally, both DSI and 

DAMGO suppress the same, large amplitude population of L-IPSCs (Fig. 4.1E).  

As predicted based upon its effect on L-IPSCs, DAMGO also suppressed the L-LFP (to 

39 ± 20% of control, p = 0.001, n = 10. Fig 4.2A, B). There was considerable variability, 

but the mean increase in LFP power in the presence of DAMGO was still significant 

(from 6.4 ± 1.0 µV2 to 13.2 ± 4.0 µV2, n = 10, p < 0.05 by sign rank test. Fig 4.2C1, 2). 

The effects of DAMGO were reversed by naloxone.

Figure 4.1 - MOR activation prevents L-IPSCs. A) Representative L-IPSC traces. iGluR antagonists, 

eserine, 4-AP present.  L-IPSCs are DSI-sensitive (second trace), but also nearly abolished by DAMGO (1 

µM, third trace). The effect of DAMGO is reversed by the MOR antagonist naloxone (10 µM, fourth 

trace). B) Group data showing effect of DAMGO on L-IPSC amplitude (B1) and frequency (B2). C) 

Increase in total IPSC charge by light stimulation in control groups and after application of either 

DAMGO or WIN (C1). C2, Effect of DAMGO or WIN on L-IPSC charge, normalized. D) Correlation 

between magnitude of DSI and magnitude of DAMGO suppression of L-IPSC charge. Plot is divided into 

quadrants (dotted lines) to highlight experiments in which the sum of DSI and DAMGO suppression was 

greater than 100%.  E) Cumulative frequency plot of trace shown in A, demonstrating that both DAMGO 

and DSI suppress the same, larger amplitude L-IPSCs.
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Figure 4.1
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Figure 4.2
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Figure 4.2 -  DAMGO suppresses L-LFPs. A1) Representative L-LFP under control conditions (iGluR 

antagonists, eserine, and 4-AP, upper trace), after application of DAMGO (middle trace), and subsequent 

application of naloxone (lower trace). A2) Spectral analysis of the experiment in A1. Black trace = baseline, 

blue trace = peak LFP, red trace = LFP in the presence of DAMGO. Note that DAMGO virtually abolishes 

the low frequency (2-4 Hz) power. B1) Group data showing the suppression of the L-LFP by DAMGO, and 

reversal of this suppression by naloxone. Note that, even in the presence of DAMGO, there is a small but 

significant (p < 0.05) increase in the LFP following light stimulation. B2) Same data as B1, except that the 2-

12 Hz L-LFP power has been normalized to the mean of the control group. Note that DAMGO significantly 

reduces the L-LFP power to approximately 40% of control levels, and this effect is completely reversed by 

naloxone. 
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Some L-IPSCs and L-LFPs are insensitive to MOR or CB1R activation 

Because ~20% of the L-IPSCs were insensitive to DAMGO (Fig. 4.1C2), there may be a 

small population of L-IPSCs which are not regulated by MORs. Further analysis of an 

experiment in which DAMGO only partially reduced the L-IPSCs and simultaneous L-

LFP is shown in Figure 4.3. L-IPSCs, which were abolished by DSI, were only partially 

reduced by application of DAMGO (Fig. 4.3A). Those IPSCs which were sensitive to 

DAMGO, however, were large amplitude and rhythmic, while those which were 

insensitive to DAMGO, were neither large nor rhythmic (Fig. 4.3B1-4). The reduction in 

primarily large amplitude L-IPSCs suggests that both MOR and CB1R activation affects 

cells showing a high degree of synchronous transmitter release. 

The autocorrelation in Figure 4.3C shows that while DAMGO only slightly shifted the 

dominant frequency of the L-IPSCs (from ~3.0 to ~ 2.7 Hz), the rhythm was greatly 

disrupted (Fig. 4.3B3, 4). This decrease in rhythmicity is reflected in the simultaneous 

LFP (Fig. 4.3C1), which showed that while there was still an increase in total low-

frequency power in the presence of DAMGO, the peak power was greatly reduced (Fig. 

4.3C2). 

Some (~20%) of L-IPSCs were also insensitive to CB1R activation. Figure 4.4 illustrates 

a cell in which a second L-IPSC response developed after application of WIN suppressed 

the initial, DSI-sensitive response. However, the time to response onset was extremely 

long (~ 50 s after the light stimulus), which is many standard deviations from the mean 

onset time for the DSI-sensitive L-IPSCs (9.5 ± 2.2 s, Chapter 3, Nagode et al. 2011). 



101

Another example in which there appeared to be a mixed population of CB1R and MOR-

sensitive L-IPSCs is included in Appendix A. Thus, while ACh can activate IPSCs which 

are sensitive to MOR but not to CB1R activation, these responses are atypical and do not 

appear to be part of the oscillator that drives the LFPs. 

Figure 4.3 -  DAMGO has partial effects on some L-IPSCs and LFPs. A) Representative cell showing 

L-IPSCs under control conditions, DSI (second trace), plus DAMGO (third trace), and DSI in the presence 

of DAMGO (fourth trace). Note that DAMGO does not completely abolish all DSI-sensitive L-IPSCs. The 

boxed regions correspond to the regions used for analyses in parts B1-B4.  B1) A cumulative frequency 

plot of L-IPSC amplitude for the two boxed regions in A demonstrates that DAMGO only suppresses large 

amplitude L-IPSCs, but the median amplitude (dotted line) remains the same. B2) Expanded time scale of 

boxed regions shown in A. Note the strong rhythmicity under control conditions (upper), but lack of 

apparent rhythmicity after application of DAMGO (lower). B3) Autocorrelation performed on traces in B2, 

showing the abolishment of periodicity by DAMGO (blue = control, red = DAMGO). B4) Spectral analysis 

of the traces in B2, showing the dominant low-frequency power of the L-IPSCs under control conditions 

(blue), which is abolished by DAMGO (red). C1) L-LFP under control conditions (upper), and after 

application of DAMGO (lower). DAMGO application appeared to have only a minimal effect on the 

amplitude of the L-LFP. C2) Spectral analysis of the experiment in C1. Note that DAMGO (red) 

substantially reduces the power of the peak frequency of the control L-LFP (blue), even though the total 

spectral power in the presence of DAMGO still appears to be increased compared to baseline (black).
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Figure 4.3
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Figure 4.4
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Figure 4.4 -  Some ACh-driven IPSCs are insensitive to CB1R activation. A) Typical L-IPSC response 

(A1) which is sensitive to DSI (A2) and blocked by WIN (A3). Note that a second, extremely delayed 

response "develops" in the presence of WIN. Application of DAMGO (A4) abolishes this response, and the 

effect of DAMGO is reversed by naloxone (A5). Although the onset of the response in naloxone appears to 

be somewhat shifted compared to that in the presence of WIN, it is qualitatively the same, and still 

qualitatively very different than the control response (A1).

DAMGO does not suppress ACh-induced oscillations by reducing ACh 

release from septal fibers or GABA release from PV+ cells 

The results presented in Figures 4.1 - 4.4 suggest that CCK+ cells may not be sufficient to 

drive ACh-induced rhythms, but may require PV+ cells as well. However, it is also 

possible that the primary effect of DAMGO is presynaptic at the level of the cholinergic 



104

terminal. MORs are present on approximately 10% of ACh terminals or axons in the 

dentate gyrus (Kaplan et al. 2004). MOR agonists reduce electrically-evoked ACh efflux 

in hippocampal slices (Fredholm 1990; Gazyakan et al. 2002). Paradoxically, DAMGO 

increases the amplitude of the slow synaptic mAChR-dependent EPSP in CA1 pyramidal 

cells (Kearns et al. 2001), suggesting a presynaptic enhancement of ACh release by MOR 

agonists in CA1. To rule out the possible involvement of MORs on cholinergic terminals 

in my experiments, DAMGO was applied to sIPSCs generated by bath application of the 

non-hydrolyzable ACh agonist carbachol (CCh, 5 µM) to rat hippocampal slices. In the 

presence of iGluR antagonists, CCh increased the sIPSC activity (Fig. 4.5A) and 

generated a dominant low-frequency rhythm (Fig. 4.5B). As expected from previous 

work, CCh-sIPSCs were sensitive to DSI (Reich et al. 2005; Karson et al. 2008; Fig. 

4.5A). However, DAMGO application virtually blocked all CCh activity (to 11.6 ± 3.9% 

of pre-drug sIPSC charge, p = 0.017, n =5, Fig. 4.5A, B2, C). This effect was reversed by 

application of naloxone (Fig. 4.5A, C). Thus, DAMGO is primarily activating MORs on 

interneurons, not cholinergic terminals, to suppress ACh-driven rhythms.  

Karson et al. (2008) reported that blocking release from PV+ terminals with ω-agatoxin-

IVA (AgTX) does not block CCh-induced rhythms. The present results are inconsistent 

with those findings only if it is assumed that the primary effect of DAMGO is on GABA 

release from PV+ cells.  Therefore, I pretreated slices with AgTx (300 nM), the prediction 

being that DAMGO would have no effect if its primary site of action was PV+ cell 

terminals. However, in slices pretreated with AgTx, DAMGO still suppressed the sIPSCs 

(to 21.3 ± 8.4% of control, p = 0.008, n = 9, Fig. 4.5D).  
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This concentration of AgTx was effective in preventing release from PV+ cells, because it 

completely blocked the PV-IPSC in PV-Cre mice injected with AAV-ChR2-mCherry (Fig 

4.6A; similar results in 2/2 cells), and significantly reduced the CA3-CA1 fEPSP in rat 

slices (Fig. 4.6B, data from 5 control and 5 AgTX-treated slices. The effect of AgTX on 

the fEPSP is consistent with Wheeler et al. 1994). It is also unlikely that DAMGO has a 

direct effect on CB1Rs, as has been recently reported (Seely et al. 2012), because it still 

was able to abolish activity in a slice pretreated with AM251 (Fig. 4.6C). Additionally, 

the suppression by DAMGO can be repeated qualitatively in mouse slices (Fig. 4.6D), so 

it is also unlikely to be a species-specific anomaly. 

Figure 4.5 -  DAMGO prevents CCh-driven sIPSCs in presence of AgTX. A) Representative trace from 

a rat slice. iGluR antagonists present. Application of CCh (5 µM), followed by DSI, followed by DAMGO 

(1 µM), and reversal by naloxone (10 µM). B) Rhythmic sIPSCs in presence of CCh (B1) and after 

DAMGO application (B2). Spectral plot and autocorrelation show a peak rhythm near 2 Hz that is 

abolished by DAMGO. C) Group data of effect of DAMGO on sIPSC charge in control slices. Data 

normalized to IPSC charge in presence of CCh. D) Effect of DAMGO on sIPSC charge in slices pretreated 

with AgTX (right).
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Figure 4.5
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Figure 4.6 -  Controls for AgTX concentration, specificity of DAMGO, and species differences A) 

ChR2 activation in PV-Cre mice. Brief light pulse (2 ms) generates a synchronous IPSC in a CA1 

pyramidal cell from a control slice (A1). A2, slice pretreated with AgTX. Light pulses, up to 25 ms, do not 

generate a synchronous IPSC. B) fEPSP slope vs. fiber volley amplitude in control rat slices vs. slices 

pretreated with AgTX. Data from five slices in each group. Each dot represents five averaged fEPSPs at a 

given stimulus intensity. C) Rat slice pretreated with AM251. DSI step (upper, no DSI), followed by 

DAMGO (bottom). D) Wild-type C57 mouse. CCh application generates sIPSCs which are sensitive to DSI 

and to DAMGO. Downward deflections are -5 mV test steps given every 60 s. 
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Figure 4.6
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DISCUSSION

Overlap between CB1R and MOR-sensitive L-IPSC populations

The Venn diagram in Figure 4.7 illustrates conceptually the overlap between CB1R and 

MOR-sensitive L-IPSC populations. It is based primarily on the finding that both 

DAMGO and WIN suppress total L-IPSC charge by approximately 80% (Fig. 4.1C), and 

this should be indicative of the degree of overlap between the affected populations. Both 

DAMGO and DSI preferentially suppress the most rhythmic, large amplitude L- IPSCs 

(Fig. 4.3), and it is clear that the same L-IPSCs which are nearly abolished by DSI can 

also be abolished by DAMGO in the same cell (Fig. 4.1). By contrast, L-IPSCs which 

were sensitive to either WIN or DAMGO (e.g Fig. 4.3 and 4.4) were qualitatively 

different than those which were sensitive to both, and thus would appear to represent 

separate populations. The lack of a clear correlation between the magnitude of DSI and 

the magnitude of the DAMGO effect could suggest that the overlap is significantly less 

than is shown in the diagram, however it is more likely to be explained by variable 

endocannabinoid release and a small sample size. Therefore, L-IPSCs which are sensitive 

to both CB1R and MOR activation appear to form the core of the oscillator.
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Figure 4.7

CB1R MORLow-frequency 
rhythms

Figure 4.7 - Conceptual Venn diagram of CB1R-sensitive and MOR-sensitive components of ACh-

induced rhythms. Because both DAMGO and WIN abolished the L-IPSCs by approximately 80% (Fig. 

1C2), this likely represents the degree of overlap between MOR-sensitive and CB1R-sensitive L-IPSC 

populations. Both CB1R and MOR activation had the greatest effect on large amplitude, rhythmic L-IPSCs, 

so these L-IPSCs probably form the core of the ACh-driven oscillator in CA1. L-IPSCs which are not 

sensitive to both MOR and CB1R activation comprise a much smaller percentage (~ 20%) of L-IPSCs, and 

are likely nonessential for oscillations.
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Possible models to account for dual CB1/MOR sensitivity 

My finding that ACh-induced inhibitory rhythms in CA1 are equally sensitive to both 

CB1R and MOR activation is novel. However, a model of dual CB1R/MOR - sensitivity 

has previously been proposed for gamma oscillations in CA3. WIN reduces the CCh-

induced LFP in CA3 by decreasing excitatory drive onto PV cells (Holderith et al. 2011). 

The release of GABA onto CA3 pyramidal cells is in turn suppressed by DAMGO 

(Guylas et al. 2010). This model is based on two separate studies, however, which used 

different concentrations of CCh, and CB1R and MOR sensitivity was never tested in the 

same experiment (i.e. DAMGO-sensitive sIPSCs in CA3 pyramidal cells were not tested 

for DSI). 

Even if this model holds true for CA3 gamma rhythms, it clearly cannot in CA1, because I 

found that ACh-induced rhythms were insensitive to iGluR antagonists. My results are 

consistent with several alternative models, one of which being a second MOR-expressing 

interneuron population that in some way drives CCK+ basket cells. This may occur via 

electrical coupling, excitatory neuropeptide release, or disinhibition. The persistence of 

the DAMGO effect in AgTX argues against this population being PV+ cells, though they 

cannot yet be completely ruled out (this will be addressed in the next chapter). Other 

potential candidates included the Ivy and Neurogliaform (NGF) cells, which express 

MORs (Drake and Milner 2002), and whose output is greatly suppressed by DAMGO 

(Krook-Magnuson et al. 2011). Ivy cells target proximal dendrites of pyramidal cells, and 

show persistent firing in response to strong depolarization (Krook-Magnuson et al. 2011). 

They also express – and presumably release – neuropeptide Y (NPY), and are extensively 
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electrically coupled (Fuentealba et al. 2008). Also, approximately 8% of interneurons 

positive for either the Ca2+-binding protein calretinin (CR) or vasoactive intestinal peptide 

(VIP) express MORs (Drake and Milner 2002). Both CR+ and VIP+ interneurons target 

only other interneurons (Freund and Buzsaki 1996). The effect of cholinergic agonists on 

Ivy/NGF, CR+, or VIP+ cells has not been studied in hippocampus. Somatostatin (SOM)-

containing interneurons, which include the oriens-lacunosum moleculare (O-LM) cells, 

also highly express MORs (Drake and Milner 2002). O-LM cells exhibit rhythmic 

bursting in response to cholinergic agonists (Chapman and Lacaille 1999; Lawrence 

2008). The effect of MOR agonists on O-LM cells has not been investigated, and because 

these cells target distal dendritic regions (Freund and Buzsaki 1996), it is unlikely that 

they would directly contribute to the perisomatic currents generated by ACh. 

Effect of DAMGO on ACh release

While I did not find any evidence that DAMGO is suppressing ACh release, I cannot 

entirely rule out this mechanism as contributing to the DAMGO effect. MORs have been 

reported on ~ 10% of ACh terminals in the dentate gyrus (Kaplan et al. 2004), but have 

not been investigated in CA1. The most direct test of this hypothesis would be to record 

synaptic ACh responses from interneurons, and test for their sensitivity to DAMGO. This 

experiment is problematic because, with so few ACh terminals potentially having MORs, 

the effects could be very specific to certain interneuron types (i.e. CCK+ cells), and would 

require extensive post-hoc analysis. Secondly, even if it were determined that DAMGO 

decreases ACh release onto CCK+ cells, this still would still have to be reconciled with 
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the fact that DAMGO decreases CCh-generated IPSCs. Thus, performing such 

experiments would not yield a firm conclusion.  

CCh - generated sIPSCs in rat vs. mouse slices

A critique of the present conclusions might involve the use of rat slices rather than mouse 

slices in Figure 4.5.  I found that both the probability of obtaining, as well as the 

robustness of CCh-induced sIPSCs, was greater in rat slices than in mouse. There do not 

appear to be gross differences between the species in terms of mechanisms of in vivo theta 

and gamma generation, and in fact oscillation amplitudes are larger in mice in vivo 

(Buzsaki et al. 2003). Rat slices were prepared at a younger age (4-8 weeks) than slices 

from mice (> 2 mo.), so the overall health of the interneuron network may have been 

better in the rat slices. There have been no detailed studies directly comparing the relative 

numbers of different interneuron populations, or the expression of mAChRs, in mice and 

rats.  Hence, although I was able to qualitatively repeat the CCh results in mouse slices 

(Fig. 4.6), the possibility of a contribution of species differences remains.

Conclusion

The main findings in this chapter are that: 1) ACh-generated inhibitory rhythms are 

sensitive to MOR activation, and 2) the effect of the MOR agonist is not attributable to a 

reduction of ACh release or GABA release from PV+ cells.  The results are consistent 

with MOR+ interneurons also being required for ACh-induced rhythms, and the “CCK-

driven” model in its present form (Chapter 3, Fig. 3.1) must be rejected. CCK+ cells are 

the ultimate current generators in the circuit, because the L-IPSCs are sensitive to DSI 
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(Chapter 3, Nagode et al. 2011), but it is clear that the rhythms are nearly as sensitive to 

MOR activation as to CB1R activation.  The identity of the putative, dual MOR- and 

CB1R- sensitive part of the circuit remains unknown.
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CHAPTER 5:

TEST OF THE HYPOTHESIS THAT PV+ AND CCK+ CELLS 

INTERACT TO GENERATE ACH-INDUCED RHYTHMS

INTRODUCTION

The results in Chapter 4 indicate that both CB1R+ and MOR+ cells are required for ACh-

generated inhibitory rhythms, and would seem to support rejection of the hypothesis that 

such rhythms are driven solely by CCK+ cells. The reason for this is that MORs are 

reportedly absent from CCK+ cells (Drake and Milner 2002). However, because 

DAMGO also blocked CCh-driven sIPSCs in the presence of AgTX (which blocks 

GABA release from PV+ cells; Wilson et al. 2001; Hefft and Jonas 2005), it must be 

acting upon MORs that are located somewhere other than PV+ terminals.  

The existence of a microcircuit model of rhythm generation which does not include PV+ 

cells is somewhat controversial. Their physiological properties – non-accommodating 

firing pattern, fast membrane time constant, highly synchronous GABA release – suggest 

that they are ideal for this purpose. Indeed, PV+ cells are indispensable for fast gamma 

oscillations in the cortex (Cardin et al. 2009; Sohal et al. 2009). It is possible, however, 

that PV+ cells could participate in, or even drive, rhythms in the hippocampus through 

mechanisms other than perisomatic inhibition of pyramidal cells. For instance, reciprocal 

inhibition between different interneuron types may generate population theta rhythms in 

CA1 (Rotstein et al. 2005). There is inhibitory crosstalk between CCK+ and PV+ basket 

cells (Karson et al. 2009), and, conceivably, P/Q channels might not regulate PV+ to 
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CCK+ cell transmission (thus a MOR agonist would still be effective in the presence of 

AgTX). Also, interneurons in the hippocampus, including CCK+ cells, can be 

electrically-coupled to each other (Iball and Ali 2011). Although electrical coupling 

between CCK+ and PV+ cells has not been reported in CA1, it remains possible that 

subtle interactions between CCK+ and PV+ interneurons could be required for the 

rhythms that I observe. Before investigating specific mechanisms of a possible 

interaction, however, the first objective of this Chapter will be to test the hypothesis that 

PV+ cell activity is required to generate ACh-induced rhythms.

PV+ cells in the cortex were one of the first cell populations to be successfully silenced in 

vivo using optogenetic methods (Sohal et al. 2009; Cardin et al. 2009). Using a similar 

strategy, I will express the light-driven electrogenic chloride pump halorhodopsin 

(NpHR), or the electrogenic proton pump, Archaerhodopsin (Arch), in the hippocampus 

of PV-Cre mice. Both NpHR and Arch inactivate cells by hyperpolarizing them (Knöpfel 

et al. 2010; Mei and Zhang 2012). This will allow for the selective and reversible 

silencing of PV+ cells during CCh-induced rhythms.   If PV+ cells are an integral part of 

the microcircuit, then silencing them should disrupt or even abolish the rhythms; if on the 

other hand the PV+ cells are non-essential for rhythm generation, then inhibiting them 

will have no effect. 
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METHODS

AAV injections

Strain information for PV-Cre, Gad2-Cre, and CCK-Cre mice can be found in the general 

methods chapter (Chapter 2). Male mice, > 2 mo., were injected with 0.25 to 0.5 µL of 

AAV-DIO-NpHR-EYFP bilaterally into each hippocampus using the following 

coordinates: -2.5 mm AP, ± 2.5 L, -1.8 and -1.6 DV (for PV-Cre mice) or -1.9 and -1.7 

DV (for Gad2-Cre and CCK-Cre mice). The volume was divided equally between the 

two dorsal-ventral coordinates.  All other surgical procedures were identical to those used 

for ChAT-Cre mice and are described in detail in Chapter 2. In some experiments, AAV-

ChR2-mCherry or AAV-Arch-GFP was injected at the same coordinates. Hippocampal 

slices were prepared beginning at 11 days post-injection for NpHR and Arch, and 21 days 

post-injection for ChR2 (as well as for ChR2 + NpHR, Fig. 5.6). Although expression of 

NpHR was robust and stable for months, I observed that the cells generally appeared to 

be healthier if slices were prepared within two weeks of injection. 

Electrophysiology

Preparation of hippocampal slices was done as described in Chapter 2. All recording 

conditions (ACSF, temperature, flow rate, intracellular solution) were identical to 

previous chapters. NpHR-EYFP or Arch-GFP were visualized using ~470 nm light, and 

activated using continuous 5 s pulses of yellow (~580) nm light (see Chapter 2, Fig. 2.1, 

2.5). 
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RESULTS

Silencing PV+ Cells with NpHR does not disrupt CCh-induced 

rhythmic sIPSCs

AAV-NpHR-EYFP was expressed in the hippocampus of PV-Cre mice (Fig. 5.1A). 

Hippocampal slices were taken after 11 days, and 5 µM CCh was bath-applied in the 

presence of iGluR antagonists. As shown in the top trace in Figure 5.1B, activation of 

NpHR with 5 seconds of yellow (~580 nm) light did not appear to have any effect on the 

sIPSCs induced by CCh application.  As a control, AAV-NpHR-EYFP was also injected 

into the hippocampus of Gad2-Cre mice, which express Cre only in interneurons 

expressing the Gad2 (Gad65) isoform of glutamic acid decarboxylase.  The Gad2+ 

interneuron population includes CCK+ cells, but not PV+ cells (they express primarily 

the Gad1 [Gad67] isoform; Tricoire et al. 2011). Hence, if NpHR is activated and 

effectively inhibits Gad2+ cells, the rhythms should be suppressed (hence this is a 

positive control for NpHR activation). The lower trace in Figure 5.1B demonstrates that, 

indeed, silencing Gad2+ interneurons with NpHR can virtually abolish CCh-driven 

sIPSCs. Group analysis of total charge of sIPSCs 5 seconds  before and during light 

stimulation revealed that the sIPSCs were not significantly disrupted by activation of 

NpHR in PV-Cre mice (95.6 ± 27.3 % of pre-light, n = 9, p = 0.485, Fig. 5.1C). By 

contrast, the same stimulus significantly reduced the total charge of sIPSCs in Gad2-Cre 

mice (to 39.4 ± 11.5 % of pre-light levels, n = 10, p = 0.001, Fig. 5.1C). 
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Immunostaining for PV and CCK+ in PV-Cre and Gad2-Cre mice, respectively, showed 

that NpHR is expressed equally well (~90% of PV or CCK immunopositive cells per 

slice colocalize with EYFP, Fig. 5.1D), so the different results cannot be explained by 

differential expression of NpHR. 

These results suggest that PV cells are not a necessary component of the current 

generator for CCh-induced sIPSC rhythms. However, because total sIPSC charge within 

a given epoch depends on the mean IPSC area and frequency, changes in the distribution 

of IPSC amplitude or inter-event intervals might not have been detected by this analysis. 

Therefore, I also plotted the cumulative frequency distributions for each of these

parameters in three recordings each from PV-Cre and Gad2-Cre mice which showed 

robust CCh-induced sIPSCs.  In Gad2-Cre mice, each cell had a significant leftward shift 

in the sIPSC amplitude distribution, indicating smaller IPSC amplitudes, whereas there 

were no significant differences in cells from PV-Cre mice (Fig. 5.2A). Similarly, there 

was a significant rightward shift in inter-event interval distribution in Gad2-Cre, but not 

in PV-Cre mice (Fig. 5.2B), indicating that light reduced the frequency of IPSCs only in 

the Gad2-Cre animals.



120

Figure 5.1
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Figure 5.1 - Silencing PV+ cells does not affect (but silencing Gad2+ cells suppresses) CCh-induced 

sIPSCs. A) Expression of NpHR-EYFP in PV-Cre mice. B) Representative traces of sIPSCs under baseline 

conditions (black) and in presence of CCh (5 µM, grey). Activation of NpHR with 5 s of continuous yellow

light has no effect on IPSCs in PV-Cre mice (upper), but abolishes them in Gad2-Cre mice (lower). C) 

Group data for total sIPSC charge 5 s before and 5 s during light stimulus. D) Expression of NpHR in PV 

and CCK immunopositive cells in PV and Gad2-Cre mice, respectively; n = 11 slices from Gad2, 6 slices 

from PV-Cre mice.  
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Figure 5.2A
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Figure 5.2A - Silencing PV+ cells does not affect, whereas silencing Gad2+ cells significantly reduces, 

CCh-induced sIPSC amplitudes.  Distribution of IPSC amplitudes were plotted for three cells each in 

PV-Cre and Gad2-Cre mice. Each of these cells showed robust, rhythmic IPSC activity in the presence of 

CCh. KS tests were performed on the distribution of IPSCs during 5 seconds of baseline ("pre" conditions, 

blue), and during the 5 seconds of light stimulus (green). The bottom plots are a compilation of all events 

from each of the three cells. D = maximum difference between the two distributions, N = number of events 

(IPSCs) in each distribution.
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Figure 5.2B 
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Figure 5.2B - Silencing PV+ cells does not affect, whereas silencing Gad2+ cells significantly 

increases, CCh-induced sIPSC inter-event intervals. Distribution of IPSC inter-event intervals were 

plotted for three cells each in PV-Cre and Gad2-Cre mice (same cells as Fig. 2A). KS tests were performed 

on the distribution of IPSCs during 5 seconds of baseline ("pre" conditions, blue), and during the 5 seconds 

of light stimulus (green). The bottom plots are a compilation of all events from each of the three cells. D = 

maximum difference between the two distributions, N = number of events (IPSCs) in each distribution.
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Silencing PV+ cells with Archaerhodopsin (Arch) also does not disrupt 

CCh-induced rhythmic sIPSCs

I next proceeded to repeat the experiment using a second method of optogenetic 

silencing.  Another microbial opsin, archaerhodopsin (Arch), is a light-driven proton 

pump that can also effectively silence neurons both in vitro and in vivo (Chow et al. 

2010). I injected both PV-Cre and Gad2-Cre mice with AAV-Arch-GFP and repeated the 

experiment in Figure 1. Activation of Arch in PV-Cre mice did not have any significant 

effect on the sustained, DSI-sensitive sIPSCs generated by CCh (light reduced to 91.3 ± 

12.0 % of pre-light, n = 4, p = .420; Fig. 5.3A, B), confirming my earlier results using 

NpHR and again supporting the conclusion that PV+ cells are uninvolved in the rhythms.   

As before, Arch did reduce the activity in Gad2-Cre mice (to 56.3 ± 24.9% of pre-light, n 

= 4, p = 0.023; Fig. 5.3B). Thus, the results appear to be the same regardless of which 

method of silencing – Cl- influx or H+ efflux – is used. 
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Figure 5.3
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Figure 5.3 - Optogenetic silencing of PV+ cells with Arch does not disrupt CCh-induced IPSCs. A) 

Recording from PV-Cre mouse. Rhythmic IPSC activity in the presence of CCh. Five seconds of yellow 

light to activate Arch in PV+ cells does not appear to have any effect on the IPSCs. Below, same cell

showing that the IPSCs which are insensitive to silencing PV+ cells are very sensitive to DSI (i.e. CB1R 

activation). B) Group data, compiled in the same way as for NpHR experiments in Figure 1. Activation of 

Arch in PV+ cells has no significant effect on total charge of CCh-induced IPSCs, while activation of Arch 

in Gad2+ cells significantly reduces total charge of IPSCs.

Silencing PV+ cells does not significantly affect CCh-driven LFPs

Previous studies of the role of PV+ cells in CCh-induced rhythms have used the local 

field potential (LFP) as a bioassay for interneuron stimulation, rather than the more direct 

recording of IPSCs in pyramidal cells (Guylas et al. 2010; Holderith et al. 2011).  If PV+ 

cells do play a role in rhythm generation, perhaps by promoting synchrony in the entire 
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CCK+ cell network, silencing PV+ cells would not necessarily affect the IPSCs in a 

given pyramidal cell, but would result in a decreased LFP. Hence to test the possibility of 

this indirect participation of PV+ cells in rhythm generation, I repeated  the light-induced 

silencing experiment while recording LFPs. Qualitatively, silencing PV+ cells did not 

appear to affect the LFP, while silencing Gad2+ cells greatly reduced it (Fig. 5.4A1). A 

group spectral analysis (Fig. 5.4B) suggested a slight reduction by light in PV-Cre mice 

in the low-frequency (~2-5 Hz) range (Fig. 5.4B), however this was not significant (light 

reduced LFP power to 79.6 ± 20.9 % of control, n = 8, p = 0.1; Fig. 5.4C).   Light did 

reduce LFP power significantly in Gad2-Cre mice (to 40.5 ± 10.4 % of control, n = 7, p = 

0.048, Fig. 5.4C). Thus, PV+ cells do not appear to play an essential role in CCh-induced 

LFPs.  

Interestingly, the spectral analysis of the trace in Figure 5.4A shows that silencing PV+ 

cells partially reduced the large peak at ~ 2 Hz. When atropine was applied, the large 

peak in the spectral plot was virtually abolished, yet silencing PV+ cells still suppressed 

the remaining low-frequency power (Fig. 5.4A3). By contrast, silencing Gad2+ cells no 

longer had any effect on the remaining low-frequency power in atropine (Fig. 5.4A4). 

Possible contribution of PV+ cells to non-DSI-sensitive sIPSCs

The non-significant trend of a reduction in the 2-5 Hz power spectrum suggests that PV+ 

cells may drive some non-synchronous sIPSCs when activated by CCh.  A whole-cell 

recording in PV-Cre mice in which CCh-driven sIPSCs were very weak is shown in 

Figure 5.5A. Indeed, there was clearly a reduction in sIPSC frequency during the light 
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pulse. These IPSCs, however, were not sensitive to DSI.  In contrast to the cell in Fig. 

5.5A, another cell (Fig. 5.5B) showed relatively strong CCh activity that was sensitive to 

DSI, yet was not affected by light. An autocorrelogram of the trace in Fig. 5.5B reveals 

that, while silencing PV+ cells may have slightly modulated the dominant frequency 

(reduced from 3.1 to 2.8 Hz), there was still a clear rhythm with no reduction in the peak 

ACF. Thus, PV+ cells do not likely play an essential role in CCh-induced low-frequency 

oscillations in CA1. 

Figure 5.4 - Silencing PV+ cells does not significantly affect CCh-induced LFPs. A) Representative 

LFP traces from PV-Cre (A1) and Gad2-Cre (A2) mice. Red traces are pre-CCh baseline, and gray traces 

are peak CCh activity. Five seconds of yellow light was applied to activate NpHR. A3) Spectral analysis on 

5 second windows before (blue) and during (green) light stimulation for experiment in A1. Left graph is in 

the presence of CCh, and right graph is after application of atropine. Note that atropine abolishes the peaks 

in the low-frequency spectral power (as expected), but light still causes some suppression of the remaining 

power. A4) Exact same analysis as in A3, applied to Gad2-Cre mice. Light abolishes all peaks in the CCh-

induced LFP. However, note that after application of atropine, light no longer appears to have any effect. 

B) For PV-Cre mice, group spectral power (n = 8) in each bin (.4 Hz bin size) was normalized to baseline 

(pre-CCh) levels. Dotted lines are the actual averaged spectral plots. Solid lines are moving averages 

performed for each plot. The moving average reveals that, in the PV-Cre group, activation of NpHR caused 

a small, but reversible reduction in the 2-5 Hz spectral power, even though the power is still well above 

baseline (~4X baseline). C1) Group analysis of peak LFP frequency for PV and Gad2-cre mice. Light 

caused no significant shift in peak frequency in either group. C2) Group analysis of 2-5 Hz spectral power 

for PV and Gad2-Cre mice. In PV-Cre mice, activation of NpHR caused a small, non-significant (p=.10) 

reduction in the LFP, reflecting the small decrease depicted in B. By contrast, activation of NpHR in Gad2-

Cre mice significantly reduced the LFP power.
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Figure 5.4
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Figure 5.5 - Silencing PV+ cells can suppress DSI-insensitive, non-rhythmic CCh-sIPSCs. A) Cell in 

which CCh application generated sporadic, larger amplitude sIPSCs. In four consecutive trials, these larger 

amplitude events did not occur during the light stimulus. Average of individual traces shown at right. 

sIPSCs in CCh were not DSI sensitive. The large burst occurring at the end of the light pulse is probably 

caused by rebound excitation of PV+ cells.  B) Cell in which CCh application generates robust, rhythmic 

sIPSCs which develop gradually. Theses sIPSCs are not suppressed by light. Average trace shown at right. 

The IPSCs are DSI sensitive. C) Autocorrelogram of trace in B. Average traces calculated by adjusting the 

baseline of each highlighted region to zero, then averaging the current amplitudes at each data point (5 

kHz) for each trace (Clampfit 10). 
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Figure 5.5
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NpHR activation can silence GABA release from PV+ basket cells

It is possible that cholinergic activation of PV+ cells during sustained rhythmic activity is 

so strong that it cannot be overcome by optogenetically-induced hyperpolarization.   

Therefore, three positive control experiments were performed to insure that GABA 

release from PV+ basket cells was being effectively reduced by NpHR activation.  First, 

slices were pretreated with ω-conotoxin-IVA (500 nM) to block N-Type VGCCs, which 

are essential for GABA release from CCK+ cells (Hefft and Jonas 2005; Freund and 

Katona 2007). Then, to ensure strong activation of  PV+ cells, a cocktail containing 20 

µM CCh, 400 nM kainate, and 5 mM K+ was applied to the bath. In slices from PV-Cre 

mice, this cocktail produced brief (~1-2 min.) bursts of spontaneous activity in CA1 

pyramidal cells, and these were significantly reduced by light (to 66.4 ± 27.1% of control, 

p = 0.015, n = 5, Fig. 5.6A). NpHR activation can therefore at least partially silence non-

CCK+ cells, including PV+ cells, even when they are strongly activated. 

A second possibility is that AAV does not transduce PV+ basket cells as efficiently as 

other PV+ cells, or there is weak Cre expression in basket cells. Axo-axonic cells also 

express PV (Freund 2003), but unlike basket cells, they do not express MORs and are not 

sensitive to DAMGO (Guylas et al. 2010). To determine whether the AAV mechanism 

worked in PV+ basket cells, ChR2-mCherry was injected into the hippocampus of PV-

Cre mice. Brief blue light pulses generated an IPSC in pyramidal cells (PV-IPSC), which 

was reduced by DAMGO (from 239.7 ± 59.0 pA to 124.0 ± 40.6 pA, n = 6, p <0.05; Fig. 

5.6B), indicating that a significant proportion of the PV+ basket cell population is being 

infected by the virus. 
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Next, I expressed both ChR2 and NpHR in PV+ cells by injecting a 1:1 mixture of the 

two viruses into the hippocampus of PV-Cre mice (Zhang et al. 2007). As I reported 

earlier, activation of ChR2 with single brief (~ 5 ms) light pulses elicits synchronous 

IPSCs in CA1 pyramidal cells in PV-Cre mice with virtually 100% efficiency (Ch. 2 Fig. 

2.3A2).  Surprisingly, though, the same stimulus did not generate a synchronous PV-

IPSC in 2/2 slices expressing both ChR2 and NpHR. Recording directly from a PV+ cell 

expressing only NpHR revealed that the bandwidth of my ChR2 excitation light (470 ± 

20 nm) activated NpHR and caused a substantial hyperpolarization (Fig. 5.6C1). This is 

consistent with the previously published excitation spectrum for NpHR (Zhang et al. 

2007). This hyperpolarization (as well as a shunting effect) by blue light alone may be 

sufficient to prevent action potentials in PV+ cells expressing NpHR with ChR2. 

Consistent with this hypothesis, adding 4-AP and giving longer pulses or trains of pulses 

generated some asynchronous release, suggesting that ChR2 could still be activated in 

cells co-expressing NpHR, but synchronous release was blocked. Yellow light alone 

produced no response (Fig. 5.6C2). Thus, it appears that NpHR activation in slices from 

PV-Cre mice can silence a significant portion of the PV+ basket cell population.  

Together the data imply that the optogenetic methods I used are effective in silencing 

even strongly activated PV+ cells, and further support the conclusion that they do not 

play a significant role in generating CCh-induced low-frequency rhythms in CA1. 
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Figure 5.6 - Activation of NpHR can silence GABA release from PV+ cells.  A) In slices pretreated with 

conotoxin (blocking GABA release from CCK+ cells), application of a cocktail containing 20 µM CCh, 

400 nM kainate, and 5 mM K+ generates an increase in sIPSCs in CA1 pyramidal cells, which is 

suppressed by light. A1, representative experiment. A2, group data for total sIPSC charge in 5-s windows 

before, during, and immediately after light stimulus. B) PV-Cre mice expressing ChR2-mCherry. Brief (5 

ms) light generates a PV-IPSC in pyramidal cells, which is suppressed by DAMGO (1 µM). The effect of 

DAMGO is reversed by naloxone. C) Dual expression of ChR2 and NpHR in PV+ cells. C1, sustained blue 

light also partially activates NpHR in PV+ cells. C2, excitation with brief blue light pulses activates PV-

IPSCs in pyramidal cells of PV-Cre mice expressing only ChR2. The same stimulus evokes no response in 

mice expressing both ChR2 and NpHR. In these mice, asynchronous GABA release can be evoked by 

adding 4-AP and by increasing the pulse duration or number. Sustained yellow light does not produce any 

response.  
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Figure 5.6
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MOR agonists directly modulate GABA release from CCK+ cells

My results thus far are consistent with PV+ cells not being required for ACh-induced 

inhibitory rhythms. Therefore, the reduction of the rhythms by a MOR agonist cannot be 

explained by a reduction in PV+ cell activity.  Despite contrary anatomical evidence 

(Drake and Milner 2002), the most parsimonious explanation is that MORs are in fact 

present on CCK+ cells and modulate GABA release from them. 

Two previous physiological studies using paired CCK-pyramidal cell recordings suggest 

that up to 25% of CCK+ basket cells might in fact be sensitive to DAMGO, although the 

small number of recordings did not allow for this to be concluded definitively (Glickfeld 

et al. 2008; Neu et al. 2007). Therefore, to selectively activate the population of CCK+ 

cells in CA1, I injected AAV-ChR2-mCherry into the hippocampus of CCK-Cre mice. 

However, because CCK mRNA is also expressed in pyramidal cells, Cre expression in

these mice is not specific to interneurons (Taniguchi et al. 2011). Accordingly, the light-

evoked responses in slices taken from CCK-Cre mice were heterogeneous. As shown in 

Figure 5.7A-C, responses were either completely sensitive to iGluR antagonists (“CCK-

EPSC”), GABAA receptor antagonists (“CCK-IPSC”), or insensitive to both, indicating 

direct activation of ChR2 current in the pyramidal cell. 

The CCK-IPSCs were highly variable in amplitude. However they were significantly 

attenuated by application of DAMGO (to 61.6 ± 27.4% of control, p = 0.05 with sign-

rank test, n = 6). The effect of DAMGO was reversed by naloxone (86.1 ± 32.4% of 

control, p <.05 compared to DAMGO, n.s. compared to control, Fig. 5.7B). Picrotoxin 
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(100 µM) was applied at the end of only two experiments to determine the contribution of 

the ChR2-mediated current to the response (although two other responses were also 

clearly a pure CCK-IPSC), and subtraction of this current resulted in an even larger 

realized effect of DAMGO in these cells. 

Surprisingly, the CCK-IPSCs were not sensitive to DSI (DSI = 2.2 ± 5.5%, n =5, Fig. 

5.7C). Possible explanations for this will be discussed later (pg. 119). Irrespective of this 

finding, my results suggest that GABA release from CCK+ cells can be directly 

modulated by MORs. This modulation is certainly greater than what has previously been 

suggested (maximum of 25%), and may even be an underestimation due to contamination 

of the CCK-IPSC by ChR2 current. 

Figure 5.7 - Optogenetically-activated GABA release from CCK+ cells is suppressed by DAMGO. A) 

Heterogeneous light-driven responses in pyramidal cells from CCK-Cre mice resulting from ChR2 

expression in both CCK+ interneurons and pyramidal cells. Three observed responses were the CCK-IPSC 

(A1; insensitive to iGluR antagonists, blocked by picrotoxin, CCK-EPSC (A2; blocked by iGluR 

antagonists), or ChR2-current (A3; insensitive to both iGluR antagonists and picrotoxin). B) CCK-IPSC is 

reduced by application of DAMGO, an effect which is reversed by naloxone. Group data in B2. C) Light-

evoked CCK-IPSCs are insensitive to DSI.  
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Figure 5.7
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Gap junctions are not required for CCh-induced rhythmic sIPSCs

It is conceivable that ChR2 is expressed more efficiently in the dendritic-targeting, CCK+ 

Schaffer-Collateral Associated (SCA) interneurons, than in the perisomatic targeting 

CCK+ basket cells.  SCA cells also express CB1Rs, and release eCBs to suppress input 

from other SCA cells (Ali 2007).  However, they do not target the perisomatic region of 

pyramidal cells, and thus no DSI would be expected in pyramidal cell recordings. 

Interestingly, SCA cells are coupled through gap junctions to other SCA cells and to 

basket cells (Iball and Ali 2011).  It is possible that SCA cells are driven by ACh to fire 

rhythmically, then directly drive basket cells via electrical coupling. Activation of MORs 

on the SCA cells would therefore disrupt the rhythms. To test this hypothesis, I pretreated 

rat slices with the gap junction inhibitor mefloquine (50 µM) for at least 45 minutes. This 

concentration of mefloquine is twice that which completely blocks electrical coupling 

between interneurons in neocortical slices, and nearly 200-fold and 50-fold higher than 

the IC50 for Connexin36 (Cnx36) and Connexin50 (Cnx50), respectively (Cruikshank et 

al. 2004). In these slices, however, DSI-sensitive rhythms were also generated by CCh 

(Fig. 5.8A).  Additionally, DAMGO could still suppress the sIPSCs in the presence of 

mefloquine, suggesting that it does not act by inhibiting electrical coupling. These data 

suggest that gap junctions are not critical for CCh-induced rhythms in CA1, and likely do 

not account for the DAMGO effect. However, due to some possible non-specific effects 

of mefloquine on oscillations that have been reported (Behrens et al. 2011), studies in 

Cnx36 knockout mice are warranted (in hippocampus, Cnx36 is expressed predominantly 

by interneurons). 
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Figure 5.8 - Gap junctions are not required for CCh-induced sIPSC rhythms in rats. A) 

Representative trace from a rat hippocampal slice pretreated and continuously perfused with mefloquine 

(50 µM). A2) Expanded timescale of boxed region in A1. A3, autocorrelation performed on A2. A4) Group 

data comparing CCh-sIPSC charge in slices pretreated with EtOH vehicle (n = 4) and mefloquine (n = 5). 

B) Slice pretreated and perfused with mefloquine. CCh-sIPSCs were suppressed by subsequent perfusion of 

DAMGO, and the suppression was reversed by perfusion of naloxone. 
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Figure 5.8

CCh

+DAMGO

+Naloxone

CCh 5 uM

DSI

sIPSC Charge

0

5

10

15

20

25

30

C
ha

rg
e 

(n
or

m
 to

 b
as

el
in

e)

Mefloquine (50 uM) 
presentA1

A2

A3

A4

B

EtOH Mef

ns

A
C

F

Time lag (ms)

10 s
100 pA

50 pA

1 s

50 pA

5 s



140

DISCUSSION

The results in this chapter favor rejection of the hypothesis that CCK+ and PV+ cells 

interact to generate ACh-induced inhibitory rhythms in CA1. Optogenetic silencing 

experiments strengthened my previous conclusion of an essential role for CCK+, but not 

PV+ interneurons, in the circuit.  There was also no evidence that a second interneuron 

population, electrically coupled to CCK+ basket cells, was driving them to fire 

rhythmically. There was, however, evidence that MOR agonists directly suppress GABA 

release from CCK+ cells, and this could very well explain the sensitivity of ACh-

generated inhibitory rhythms to both cannabinoids and opioids. I conclude that the 

parsimonious interpretation of my results is that CCK+ cells are primarily responsible for 

the generation of CCh-induced inhibitory oscillations in CA1 hippocampus. 

A diminished role of PV+ basket cells in some low-frequency oscillations

Proposing that PV+ cells do not play a role in generating certain types of inhibitory 

oscillations in the hippocampus is somewhat controversial, but there are recent in vivo

studies which seem to support my in vitro results. Optogenetic silencing of PV+ cells in 

CA1 during theta rhythm affects the spike timing of pyramidal cells, but has no effect on 

the rhythm itself (Royer et al. 2012). The conclusion made in that study was that theta 

rhythms from outside the "focally" silenced region were passively propagating into the 

recorded field, although the estimated size of the silenced region was never reported. In 

another study, fast excitatory drive of PV+ cells was found to contribute to atropine-

insensitive, but not atropine-sensitive theta rhythms (Korotkova et al. 2010).
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Exogenous muscarinic agonists and endogenous ACh activate PV+ cells (Cea-del Rio et 

al. 2010). At the same time, M2 mAChR activation suppresses GABA release from PV+ 

terminals, but does not entirely eliminate it (Hajos et al. 1998; Guylas et al. 2010). My 

silencing experiments suggest that some CCh-driven sIPSCs are from PV+ cells, but they 

are not the DSI-sensitive ones. What, then, is happening to GABA release from PV+ cells 

during ACh-induced rhythms? CCK+ cells make axosomatic, axodendritic, and 

axoaxonic synapses onto PV+ cells (Karson et al. 2009). Thus, one possibility is that 

GABA release from CCK+ cells inhibits PV+ cells during ACh-induced rhythms. 

Do PV+ cells “fine-tune” CCh-induced inhibitory rhythms?

My results provide some support for the possibility that PV+ cells contribute to atropine-

insensitive (and cannabinoid-insensitive) components of ACh-induced inhibition. This 

could involve nAChRs on PV+ terminals (Tang et al. 2011). However, there is at least 

one other possible explanation. Although the electrophysiological distinction between 

CCK+ and PV+ basket cells is clear, the neurochemical distinction is less so. There is no 

overlap between CCK+ and PV+ basket cells when immunohistochemical methods are 

used, but up to 40% of CCK+ basket cells in CA1 have detectable levels of PV mRNA 

(not protein; Cea del Rio et al. 2010). Thus, the occasional small effects of NpHR 

activation on the CCh-driven activity in PV-Cre mice might actually be explained by 

NpHR expression in some CCK+ cells. 
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Do MORs directly or indirectly modulate CCK+ basket cells?

Because the optogenetically-activated CCK-IPSC was sensitive to DAMGO, but not to 

DSI (Fig. 5.7), it cannot be definitively concluded that MORs are on CCK+ basket cells. 

ChR2 expression in basket cell terminals may reduce the expression of CB1R or the 

efficacy of eCBs at the receptor, eliminating DSI. There is precedent for this, as bath-

application of 50 µM 4-AP (Alger et al. 1996), and rapid repetitive stimulation of 

presynaptic CCK+ cells (Földy et al. 2006) reversibly prevent DSI or CB1R-induced 

IPSC suppression. Both of these hypotheses (reduced CB1R expression or agonist 

efficacy) may be tested by applying the CB1R agonist WIN55212-2. Alternatively, an 

eCB tone, generated by repeated ChR2-mediated depolarization of pyramidal cells 

expressing Cre, might occlude DSI. If this is true, a CB1R antagonist would be expected 

to increase the amplitude of the CCK-IPSC (although it would obviously also block DSI). 

Finally, it is possible that CCK+ basket cells were not transduced at all by AAV-ChR2-

mCherry, rather only the CCK+ SCA cells, which target dendritic regions and are not 

expected to be DSI-sensitive (Lee et al. 2010). Therefore, I must consider the possibility 

that the SCA cells are actually the MOR-sensitive, rhythm generating cells in the circuit. 

This, however, is unlikely for several reasons. First, CCh-induced sIPSCs were not 

prevented by blocking gap junctions, the most probable way in which an SCA cell might 

rhythmically drive a basket cell (Ibell and Ali 2011). Second, CCK+ basket cells fire 

action potentials in response to iontophoretic application of ACh to the soma (Karson et 

al. 2009), indicating that another interneuron is not required for basket cells to fire and 

release GABA in response to ACh. CCh-sIPSCs can also be induced in slices in which 

CA1 pyramidal cell  somata have been surgically  isolated from their apical dendrites in 
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s. radiatum (Reich et al. 2005), and this preparation probably also removes the soma and 

most of the axons of SCA cells. Finally, because I found ACh-generated rhythms to be 

DSI-sensitive – indicating that basket cells are the primary current generators – SCA cells 

would probably function only as rhythm generators. In this case, DAMGO would not be 

expected to affect the total charge of ACh-driven IPSCs. Clearly, it did (Ch. 4). Therefore 

it is more likely that CB1Rs and MORs are both present on CCK+ basket cells, but 

ChR2-expression somehow renders GABA release insensitive to DSI. 

If MORs are in fact present on CCK+ basket cells, their subcellular location is uncertain. 

However, it was previously reported that DAMGO has no effect on the membrane 

potential of CCK+ basket cells (Glickfeld et al. 2008), suggesting that they are probably 

not somatic. While Drake and Milner (2002) were more explicit in reporting that CCK+ 

soma are devoid of MOR staining, they were less clear about the expression on terminals, 

dendrites, or axons.   In any case, the subcellular localization of MORs on CCK+ cells 

warrants further quantitative investigation.

Besides the two physiological studies using a limited number of paired recordings 

(Glickfeld et al. 2008; Krook-Magnuson et al. 2012), there have not been any other 

studies on the direct effects of MOR agonists on CCK+ basket cells. However, DAMGO 

does reduce GABA release from neuropeptide Y (NPY)+ Ivy cells in CA1 (Krook-

Magnuson et al. 2012). In this study, paired recordings were performed between 

pyramidal cells and GFP+ interneurons in NPY-GFP mice. Very interestingly, 70% of 

CCK+ basket cells have detectable levels of NPY mRNA (Cea del Rio et al. 2010). 
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Krook-Magnuson et al. used anatomical reconstruction to positively identify Ivy cells 

post hoc, and reported the effect of DAMGO on those cells, but they did not report if 

there were any effects of DAMGO on NPY+ cells that were not Ivy cells. Therefore, 

despite the current dogma, it appears that there was simply not sufficient data from 

previous studies to warrant the conclusion that MOR activation has no significant 

physiological actions on CCK+ cells. 
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CHAPTER 6: 

GENERAL DISCUSSION

SUMMARY OF RESULTS

In the preceding chapters, I have: 

1. Tested the hypothesis that CCK+ basket cells drive cholinergically -generated 

inhibitory rhythms in CA1 hippocampus. I found that: 

a. Optogenetic release of endogenous ACh from septal fibers in hippocampal slices 

generated rhythmic bursts of IPSCs in CA1 pyramidal cells, even in the presence 

of iGluR antagonists.

b. The light-driven IPSCs (L-IPSCs) were sensitive to DSI, an endocannabinoid-

dependent process.

c. Endogenous ACh generated inhibitory LFPs, which were highly correlated with 

the L-IPSCs, and were sensitive to a CB1R agonist.

2. Tested the hypothesis that CCK+ basket cells are sufficient to drive cholinergically-

generated oscillations in the hippocampus. I found that: 

a. L-IPSCs and L-LFPs were sensitive to an agonist of mu-opioid receptors (MORs), 

which are featured prominently on PV+, but not CCK+, basket cell terminals.
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b. A MOR agonist also greatly suppressed rhythmic sIPSCs generated by the 

exogenous cholinergic agonist carbachol, even in the presence of AgTX, which 

blocks release from PV+ cells. 

3. Tested the hypothesis that a CCK+ and PV+ cell interaction is required for 

cholinergically-generated oscillations. I found that: 

a. Optogenetic silencing of Gad2+ interneurons, which include CCK+ cells, 

suppressed CCh-driven oscillations. 

b. Optogenetic silencing of PV+ cells had no significant effect on CCh-driven 

oscillations.

c. MOR activation directly suppresses optogenetically-activated GABA release from 

CCK+ interneurons. 
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Figure 6.1
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Figure 6.1 -  The CA1 microcircuit driving ACh-induced low-frequency oscillations. Based upon my 

findings, I propose that 1) Endogenous ACh drives CCK+ basket cells, via activation of mAChRs, to 

release GABA rhythmically onto pyramidal cells. This does not require fast glutamatergic signaling (Ch. 

3). These rhythms are sensitive to CB1R activation by endogenous or exogenous cannabinoids (Ch. 3). The 

rhythms are also equally sensitive to activation of MORs on interneurons (Ch. 4). A MOR agonist directly 

suppresses optogenetically-driven GABA release from CCK+ cells, suggesting that both MORs and CB1Rs 

are located on CCK+ terminals.

My results strengthen the hypothesis put forward originally by Reich et al. (2005) that 

ACh-generated inhibitory rhythms in the hippocampus are driven by an intrinsic, CCK+ 

cell - driven oscillator. Predictions of this hypothesis were tested using a novel 

optogenetic model of ACh release in hippocampal slices. However, in an effort to reject 
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the hypothesis that PV+ basket cells are critically involved, I discovered that ACh-

generated rhythms were also highly sensitive to MOR activation. In fact, the same IPSCs 

were sensitive to both DSI and DAMGO, which directly contradicts a prominent 

hypothesis regarding the separate identities of MOR and CB1R - expressing interneurons 

(e.g., Freund 2003). Because the DAMGO effect persisted in the presence of AgTX   

(which blocks GABA release from PV+ cells), and because optogenetic silencing of PV+ 

cells did not affect CCh-generated oscillations, there is strong evidence against PV+ cells 

being included in models of atropine-sensitive (Type II) theta rhythms in CA1. Lastly, 

the dual opioid/cannabinoid sensitivity of ACh-generated rhythms in CA1 can be 

explained by direct opioid modulation of CCK+ basket cell output, presumably because 

they also express MORs. 

IMPACT OF FINDINGS ON THE MICROCIRCUIT FIELD

These experiments are, to the best of my knowledge, the first demonstration that 

optogenetics can be used to induce oscillations in hippocampal slice preparations, and 

thus constitute a significant technical advancement in the study of neuronal microcircuits. 

They are also another step towards solving what Gyorgi Buzsaki describes in a recent 

review (Buzsaki 2012) as the "inverse problem" of the LFP -- trying to infer microscopic 

variables (e.g. synaptic or cellular components) from macroscopic ones (e.g. a current 

source density analysis). For example, while the current source density analysis of the 

optogenetically-driven LFP suggested an inhibitory current source near the pyramidal 

layer (Chapter 3, Fig. 3.6D), it could have also indicated a sink resulting from dendritic 

excitation. The solution to the inverse problem, he proposes, is to first solve the "forward 
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problem" -- identifying the synaptic or non-synaptic events generating the LFP by 

correlating them with the LFP. Each of my experiments were designed to do exactly this, 

either by directly correlating whole-cell currents with the LFP (Chapter 3, Fig. 3.6C), or 

by using pharmacological or optogenetic inhibition of specific cell types and recording 

their effect on both the currents and the LFP. 

IMPLICATIONS FOR THE ROLE OF BASKET CELLS IN RHYTHMS

My results indicate that CCK+ cells are capable of driving low-frequency oscillations in 

the hippocampus, arguing against the proposal that they can only “fine tune” rhythms 

(Freund 2003; Freund and Katona 2007). This hypothesis is based mainly on the cellular 

properties of CCK+ cells -- they exhibit spike frequency accommodation and release 

GABA asynchronously, so their ability to generate rhythmic activity was deemed 

unlikely. My results do not offer any further insight into how CCK+ cells are able to 

overcome their seemingly undesirable properties to generate oscillations. However, the 

CCK “fine-tuning” model is hard to reconcile with data from two recent in vivo studies:  

CB1R agonists greatly diminish the power of theta rhythms in CA1 (Robbe et al. 2006; 

Robbe and Buzsaki 2009), but optogenetic silencing of PV+ cells does not (Royer et al. 

2012). In light of these studies, if it is accepted that perisomatic inhibition is critical for 

patterning the activity of pyramidal cell firing (Lovett-Baron et al. 2012; Buzsaki 2002),  

then CCK+ cells must be investigated as potential drivers of some behaviorally-relevant 

rhythms, not just PV+ cells. 
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Certainly, CCK+ cells could modulate certain rhythms, although this may be independent 

from their ability to generate them. This refutes the "clockwork vs. fine-tuning" 

hypothesis for PV+ and CCK+ cell function, and instead supports a model of two 

separate oscillators which may drive different inhibitory rhythms in different brain 

regions or in response to different stimuli. Simply based upon the firing properties of 

PV+ and CCK+ basket cells, it is unlikely that that the latter is able to drive sustained, 

higher frequency gamma oscillations. Additionally, there is ample evidence that PV+ 

cells are necessary for gamma rhythms in both cortex and hippocampus (Cardin et al. 

2009; Sohal et al. 2009; Carlen et al. 2012; Verrett et al. 2012). Thus, as it pertains to 

gamma oscillations, Freund’s model might be correct. CCK+ cells may be better suited to 

drive lower-frequency oscillations such as delta (0.5-3 Hz) and theta (4-7 Hz). However, 

just as I have found for low-frequency rhythms in CA1, gamma oscillations generated by 

CCh in CA3 are suppressed by both CB1R and MOR agonists (Guylas et al. 2010; 

Holderith et al. 2011). A critical test of the hypothesis that PV+ basket cells primarily 

drive gamma rhythms (and CCK+ cells can’t) will be to repeat my optogenetic silencing 

experiments in CA3, the prediction being that silencing PV+ cells will virtually abolish 

CCh-induced gamma rhythms, but silencing Gad2+ cells will have little or no effect. 

Another prediction to test will be that IPSCs in CA3 pyramidal that are generated by 

endogenous ACh are not sensitive to DSI. 

The difference between PV+ and CCK+ cell oscillators might not just be the frequency of 

the rhythms they generate, but also the requirement for patterned excitatory input into the 

circuit. AMPA and NMDA antagonists block gamma rhythms (Guylas et al. 2010; 



151

Holderith et al. 2012; Oren et al. 2009, 2006; Hajos 2009). My results, however, indicate 

that the CCK+ network doesn't require rhythmic excitatory drive to generate oscillations. 

There are far fewer AMPA and NMDA receptors on CCK+ cells than on PV+ cells 

(Bartos and Elgueta 2012), supporting the hypothesis that CCK+ cells can form an 

entirely independent inhibitory oscillator, only requiring tonic depolarization by ACh. 

Compared to PV+ cells, CCK+ cells have more receptors for "neuromodulators" (Freund 

2003, Bartos and Elgueta 2012), which are believed to act primarily via "bulk" 

transmission (Vizi and Kiss 1998). Thus, CCK+ cells could be the substrate through 

which neuromodulators can produce inhibitory oscillations. Their long membrane time 

constant would allow them to integrate neuromodulator inputs and produce a patterned 

output to a generally tonic input. PV+ cells, on the other hand, might require patterned 

excitatory input to produce the same output. Ironically, even though PV+ cells have been 

described as "clock-like", they might not in fact be able to function as independent 

rhythm generators, while CCK+ cells can. Evidence recently reviewed by Rotaru et al. 

(2012) led them to hypothesize that NMDA hypofunction in schizophrenia, which is 

linked to decreased cortical gamma oscillations, is unrelated to decreased excitatory drive 

of PV+ interneurons. 

It is important to state that, while I am proposing that PV+ and CCK+ basket cells can 

function as separate oscillators, I am not suggesting that the two networks cannot interact. 

There are synaptic connections between CCK+ and PV+ basket cells in CA1 (Karson et 

al. 2009), and exogenous CCK excites PV+ basket cells (Karson et al. 2008; Lee et al. 

2011; Foldy et al. 2007). While I did not find this interaction to be required for ACh-
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induced low-frequency oscillations in CA1, it could be important for other types of 

rhythms in hippocampus, for theta-gamma coupling, or in response to different afferent 

inputs (for example mGluR vs. mAChR-dependent rhythms). 

THE EFFECT OF CANNABINOIDS, OPIOIDS, AND CCK ON RHYTHMS

I found no evidence that eCBs or endogenous opioids are required for rhythm generation, 

since the rhythms which were suppressed by MOR and CB1R agonists were restored by 

the antagonists. In vivo studies have also found no requirement for endogenous activation 

of CB1Rs or MORs in hippocampal rhythms (Guylas et al. 2010; Robbe et al. 2006; 

Robbe and Buzsaki 2009). Endogenous cannabinoid and opioid signaling is required for 

several hippocampal-dependent tasks, however (Jamot et al. 2003; Jang et al. 2003; 

Varvel et al. 2002, 2005) Therefore, it is possible that the physiological role of eCBs and 

opioids is to act in a more spatially restricted manner to modulate synaptic plasticity, or 

to selectively allow individual cells or circuits to become desynchronized from a 

population rhythm, and this might not be reflected in the power or frequency of the LFP 

in vivo. 

Although my experiments were not designed to test this hypothesis, eCBs and MORs 

could modulate rhythms by controlling the release of CCK itself. Exogenous CCK 

simultaneously excites PV+ cells and suppresses GABA release from CCK+ cells, 

through a mechanism that is currently the subject of intense debate. Endogenous CCK 

can be released from interneurons in the dentate gyrus to reduce glutamatergic 

transmission at the perforant path - granule cell synapse (Deng et al. 2010). A CCK2 
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receptor antagonist increases the amplitude of CCh-induced rhythmic IPSPs in CA1 

pyramidal cells (Karson et al. 2008), suggesting that CCK might be tonically suppressing

GABA release from CCK+ cells. Thus, although it is not yet understood if, when, or how 

endogenous CCK might be released from CA1 CCK+ cells, it is at least conceivable that 

controlled release of CCK might functions as a switch between two oscillators (CCK+ or 

PV+ interneuron driven), or even two behavioral states. 

LINKING MICROCIRCUIT STRUCTURE TO BEHAVIORAL EFFECTS OF OPIOIDS,

CANNABINOIDS, AND CCK

The finding that both MORs and CB1Rs directly modulate GABA release from CCK 

cells is surprising, but could explain some striking similarities between the physiological 

effects of exogenous cannabinoids and opioids, as well as proposed interactions between 

the two endogenous transmitter systems. Both cannabinoids and opioids, when 

administered systemically, produce antinociception, inhibition of locomotor activity, 

anxiolysis, sedation, and hyperphasia (Welch 2009; Zarindast et al. 2008; Fuentes et al. 

1999; Manzanares et al. 1999).  By contrast, CCK mostly produces the exact opposite 

effects: it is pronociceptive, anxiogenic, and hypophagic (Konturek et al. 2004; Rotzinger 

et al. 2010; Herranz 2003). 

CCK also appears to have opposite effects than CBs and opioids on several forms of 

learning and memory. Chronic administration of CCK in aged rats improved spatial 

learning retention (Voits et al. 2001), while it is well accepted that cannabinoids impair 

spatial memory (Robbe et al. 2006; Robbe and Buzsaki 2009; Han et al. 2012). CCK 

enhances fear-related memory, while opioids reduce it (Hebb et al. 2005). Some of the 
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opposite effects of CCK and opioids are evidenced by certain drugs used to treat anxiety 

or depression. For example, alprazolam, imipramine and fluoxetine – drugs that increase 

opioids but decrease CCK -- reduce anxiety but are associated with learning and memory 

deficits (Zarrindast et al. 2004). By comparison, clozapine -- which enhances CCK and 

decreases opioids, improves learning and memory but inflicts considerable anxiety 

(Sharma 2003). 

RELEVANCE OF FINDINGS TO THE ROLE OF CCK+ CELLS IN HIPPOCAMPAL-

DEPENDENT LEARNING AND MEMORY

The activity of a small percentage of pyramidal cells in CA1 is highly dependent upon an 

animal’s location within an environment, the so-called “place field” of a cell (O’Keefe 

and Dostrovsky 1971). These place fields are hypothesized to form a spatial map of the 

environment. Theta rhythms in the hippocampus are prevalent during spatial navigation, 

and a place cell fires at progressively earlier points in a theta cycle as an animal 

approaches its place field – a phenomenon known as “phase precession”. The ultimate 

effect of cannabinoid administration on the hippocampus is impaired spatial memory 

(Robbe et al. 2006; Robbe and Buzsaki 2009; Han et al. 2012), and this correlates with 

the magnitude of theta rhythm suppression (Robbe et al. 2006). However, not only do 

systemic CB1R agonists reduce theta power in the hippocampus, they also disrupt phase 

precession and spike timing coordination between place cells (Robbe and Buzsaki 2009). 

Thus, I would predict that focal, optogenetic silencing of Gad2+ interneurons in the 

pyramidal layer (or other genetic-ablation strategies, discussed below) would mimic the 

effects of systemic cannabinoid administration on rhythms, phase precession, and spatial 

memory.
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One reason why the CCK+ basket cell population has not been targeted for in vivo 

optogenetic silencing may be the lack of specificity in the CCK-Cre line. To the best of 

my knowledge, I am the first to conduct optogenetic experiments using this line of 

mutant mice. While I was able to draw conclusions from these experiments,

pharmacological isolation of the CCK-IPSC was still required.  However, a line recently 

developed by Taniguchi et al. (2011) limits the expression of Cre to CCK+ interneurons, 

using a strategy involving two separate recombinases (Cre and Flp). The specialized 

vectors for delivering opsins to these mice need only to be developed. Designer 

receptor/ligand strategies (Lovett-Baron et al. 2012) as well as genetic targeting of 

tetanus toxins (Murray et al. 2011) are also strategies that could be used to effectively 

eliminate inhibition from CCK+ cells in vivo, although they would lack the temporal and 

spatial resolution of optogenetics.

RELEVANCE OF FINDINGS TO DISEASE

Many brain disorders are thought to result in part from deficits in oscillations. However, I 

will focus on several for which there is evidence that the particular microcircuit I have 

described may be dysfunctional. 

Schizophrenia

Decreased cortical gamma oscillations have been widely reported in schizophrenia (SCZ) 

patients, and these are believed to underlie several cognitive deficits in SCZ, particular in 

working memory (Curley and Lewis 2012; Sun et al. 2011). However, increases in lower 

EEG frequency bands such as theta and delta have been consistently found in SCZ 
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patients (reviewed in Moran and Hong 2011). It was recently discovered that increased 

theta amplitude is correlated with poor verbal memory in SCZ (Kirihara et al. 2012). The 

increase in theta could conceivably be due to decreased eCB or MOR regulation of 

CCK+ cell activity. Interestingly, in post-mortem brains of SCZ patients, both CCK and 

CB1R immunoreactivity is reduced. However, Gad65 (Gad2) immunoreactivity has not 

been measured, and thus it cannot be ruled out that the decrease in CCK and CB1R 

actually represents a decrease in the number of CCK+ cells in SCZ.  Adolescent cannabis 

use has been linked to reduced EEG gamma power (Skosnik et al. 2012), and increased 

risk of developing SCZ (Bossong and Niesink 2010; Malone et al. 2010). Acute THC in 

humans decreases EEG power of both theta and gamma (Bocker et al. 2012) and disrupts 

working memory (Ranganathan and D’Souza 2011). In rodents, CB1R agonists disrupt 

the theta-gamma coherence between the hippocampus and PFC during a spatial working 

memory task, and disrupt learning (Kuczewicz et al. 2011). Thus, abnormal eCB 

signaling, and consequential CCK+ cell dysfunction, may contribute to abnormal 

rhythms in SCZ. 

While most of the focus in SCZ research has been on the PFC, it is interesting that 

abnormal blood flow occurs selectively in CA1 hippocampus of SCZ patients, and is 

positively correlated with the severity of symptoms. More importantly, there is also a 

positive correlation between abnormal blood flow in CA1 and development of psychosis 

in prodromal individuals (Schobel and Lewandowski 2009).  Although decreased gamma 

activity in the PFC is often thought to underlie working memory deficits in SCZ, the 

frequency of theta oscillations in the human hippocampus slows as the number of items 
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to be remembered in a working memory task increases (Moran and Hong 2011), therefore 

increased theta in SCZ might potentially be one cause of working memory deficits. In 

slices of PFC, CCh also generates rhythmic sIPSCs in pyramidal cells which are sensitive 

to DSI (Yoshino et al. 2011), suggesting that the oscillatory circuitry in CA1 and PFC 

might be similar. It isn’t known if CCK+ cells in the PFC express MORs or if MOR 

agonists have any direct effect on CCK+ cells, but MOR mRNA is increased in post-

mortem SCZ brains (Curley and Lewis 2012).  

Fragile X

Fragile X is the most common inherited intellectual disorder, caused by a CGG repeat 

expansion mutation of the Fragile X Mental Retardation-1 gene (fmr1), which codes for 

the RNA-binding protein FMRP. The mutation results in loss of FMRP function and 

increased protein synthesis. Fragile X is an autism spectrum disorder, and affected 

individuals display characteristic deficits in communication and socialization, as well as 

sensory hypersensitivity, sleeping disorders, mood disorders, aggression, and cognitive 

dysfunction. 

Individuals with Fragile X also have a high incidence of epilepsy, an indication of 

excitation-inhibition unbalance (Paluszkeiwicz et al. 2011). As with SCZ, it has been 

hypothesized that PV+ cells underlie the deficits in autism spectrum disorders (Gogolla et 

al. 2012). However, in patients with Fragile X who have epilepsy, the most consistent 

EEG abnormality appears to be an increase the rhythmic theta activity (Sabaratnum et al. 
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2001; Wisnewski et al. 1991).  In frm1-ko mice, there is also increased slow (< 1 Hz) 

oscillatory activity in the cortex (Hays et al. 2011). 

Endocannabinoid modulation of CCK+ cells may underlie some of the deficits in low-

frequency oscillations in Fragile X. In the hippocampus of fmr-1 knockout mice, there is 

enhanced coupling of mGluRs to eCB release at inhibitory synapses (Zhang and Alger 

2010; Maccarrone et al. 2010). The same might be true of mAChR-induced eCB release, 

as overactive signaling through M1 mAChRs has been hypothesized to contribute to 

Fragile X (D’Antuono et al. 2003). There is enhanced CCh-induced LTD in CA1 

hippocampal slices from fmr1-ko mice (Volk et al. 2007), and M1 antagonists reduce the 

induction of audiogenic seizures (Veeraragavan et al. 2011). While increased eCB 

signaling might appear to be inconsistent with increased theta EEG seen in many Fragile 

X individuals, it is difficult to determine the source of slower EEG rhythms, since they 

will travel farther than higher frequency gamma rhythms. Thus, it will be useful to record 

the LFP from various brain regions in fmr1-ko mice. 

Alzheimer's Disease 

Alzheimer's Disease (AD) is probably the most widely recognized neurodegenerative 

disorder that is associated with deficits in the cholinergic system. Cholinergic dysfunction 

is characterized by a reduction in ACh synthesis that results from reduced choline 

acetyltransferase (ChAT) activity, neuronal and axonal abnormalities, and degeneration 

of cholinergic neurons. AD is also characterized by the presence of amyloid plaques and 

intracellular fibrillary “tangles” of tau protein (reviewed in Schliebs and Arendt 2011). 
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EEG studies in AD patients consistently indicate abnormal oscillations, particularly an 

increase in the lower frequency bands delta and theta, and a decrease in higher frequency 

bands alpha, beta, and gamma. EEG abnormalities also seem to predict progression from 

normal, to mild cognitive impairment, to AD (Ponomareva et al. 2008). EEG 

abnormalities are present not only in individuals with early stage AD, but also in their 

non-affected relatives who carry the risk factor allele apolipoprotein E4 (ApoE4; Montez 

et al. 2009). ApoE4 has been hypothesized to contribute to AD pathology specifically by 

impairing the function of interneurons in the hippocampus (Huang and Mucke 2012).  

Also, there is evidence that genetic manipulations which restore normal oscillations can 

reverse memory deficits in an AD mouse model expressing mutant human amyloid 

precursor protein (Verett et al. 2012). 

The increase in lower frequency EEG in AD patients may suggest that the CCK+ network 

is hyperactive, although some data from animal studies is also consistent with the 

opposite hypothesis. For example, directly injecting a mixture of amyloid-beta (Aβ) 40 

and 42 isoforms into the hippocampus of rats, which causes Aβ aggregation and synaptic 

deficits, decreases theta LFPs and memory (Villette et al. 2010). Aβ plaques may 

sequester Gq/11 proteins and disrupt signaling through mAChRs (Thathia and Strooper 

2009), thus decreasing the activation of CCK+ cells. The degeneration of 

septohippocampal projections would also likely decrease theta LFPs in the hippocampus. 

Thus, deficits in oscillations in AD are likely to be dependent on brain region, and 

progression of the disease. CCK+ cell hyperfunction could be an early marker, but 

eventually they might degenerate as the number of plaques and/or tangles increases. 
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CB1R and CB2R are found within amyloid plaques in post-mortem AD cortex, and there 

is an overall reduction in the number of CB1R-positive neurons (Ramirez et al. 2005). 

The levels of enkephalin, an endogenous agonist of MORs, are enhanced in some AD 

mouse models and in post mortem AD brains (Meilandt et al. 2008). Administration of 

atropine to aged guinea pigs (which could exacerbate cholinergic hypofunction) increases 

Aβ production, and this effect is reversed by inhibiting MORs with naloxone (Ionov and 

Pushinskya 2010), suggesting that increased opioid signaling may also be part of the 

disease progression. 

It is interesting that, in all three disorders I have discussed – schizophrenia, Fragile X, 

and Alzheimer’s – low frequency EEG is most consistently shown to be increased. While 

I mentioned earlier that caution must be used when trying to determine the source of EEG 

signals, this does seem to suggest that deficits in microcircuits that generate synaptic or 

local field potential oscillations in the low-frequency range may be dysfunctional. 

CONCLUSION

The goal of this thesis was to test several hypotheses related to how endogenous 

acetylcholine may be involved in hippocampal-dependent learning and memory. The 

findings confirmed the presence of an intrinsic interneuron oscillator in CA1 (Reich et al. 

2005), and expanded upon these findings with the discovery that the circuit can be 

modulated by both cannabinoids and opioids. I applied cutting-edge optogenetic 
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approaches, particularly for the release of endogenous ACh in hippocampal slices, which 

enhances the relevance of the results to the in vivo scenario. 
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Appendix A

50 pA

Baseline Response

Control

+WIN

+DAMGO

+Naloxone
1 s

50 pA

Baseline Response

Control

+WIN

+DAMGO

+Naloxone
1 s

Baseline Response

Control

+WIN

+DAMGO

+Naloxone
1 s

Partial effect of WIN and DAMGO on L-IPSCs. In this cell, WIN appears to 
suppress the smaller amplitude L-IPSCs only. All remaining activity is reversibly 
blocked by DAMGO. Three consecutively superimposed traces in light grey, 
averaged trace in dark grey. Epoch between stimulus and response onset is 
ommitted (blue lines) for display purposes.
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