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The dentate hilus represents a significantly understudied and poorly understood region of
the hippocampus. In particular, basic knowledge is lacking regarding hilar mossy cells and the
regulation of their afferent activity. This deficit is striking given the apparent central role of
mossy cells in the development and onset of temporal lobe epilepsy (TLE). The studies
presented in this dissertation were designed to examine the regulation of excitability in mossy
cells through presynaptic control of both their excitatory (glutamatergic) and inhibitory
(GABAergic) afferent axons. Two systems in particular – retrograde endocannabinoid signaling
and ambient GABA – were studied that, although researched in detail elsewhere in the brain,
have not previously been explored in the hilus. Our initial experiments demonstrated the
capability of hilar mossy cells to produce and release endocannabinoids (eCBs) in response to
postsynaptic depolarization. Upon release, these eCBs activated the presynaptic CB1 receptor
and induced the short term plasticity known as depolarization induced suppression of inhibition
(DSI), observed as a transient reduction in GABA release from a subset of hilar interneurons.
Further experiments revealed that hilar DSI is mechanistically similar to DSI observed in other
brain areas such as the cerebellum and area CA1 of the hippocampus.
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In a separate study, we investigated the presence and role of presynaptic muscarinic
acetylcholine and GABAB receptors on glutamatergic terminals impinging onto mossy cells.
Similar to reports in area CA3, we found that both mossy fiber (MF) synapses (from granule
cells of the dentate gyrus) and non-MFs to hilar mossy cells expressed presynaptic GABAB
receptors (GABABRs) while only non-mossy fiber terminals expressed muscarinic receptors
capable of directly inhibiting neurotransmission. MFs, on the other hand, were indirectly
inhibited by muscarinic receptor activation. Surprisingly, we observed a preferential tonic
activation of MF GABABRs that produced a steady state inhibition of glutamate release from
these terminals. We did not find a similar inhibitory tone at non-MF terminals, even with
pharmacologically elevated levels of ambient GABA, suggesting a functional spatial gradient
over which ambient GABA can exert its effects. Our studies also indicated that the source of this
GABAergic tone was spillover of GABA released during action potential dependent exocytosis,
enhanced by muscarinic depolarization of a subset of interneurons.
Careful examination of our prior results suggested that the neurons responsible for
mediating extrasynaptic GABA concentrations may be the same ones that are inhibited by eCB
signaling (DSI). As a first step toward testing whether these two signaling systems are linked,
we considered the possibility that eCBs might also produce a long term depression of these same
interneurons (iLTD). In fact, we did observe iLTD in the hilus that relied on eCB signaling as
well as activation of postsynaptic metabotropic glutamate receptors (mGluRs). Our initial results
suggested that hilar iLTD was functionally similar to iLTD observed in CA1 and elsewhere in
the brain. However, surprisingly we found that low concentrations of tetrodotoxin enhanced
iLTD and further that spontaneous glutamatergic transmission seemed to occlude our ability to
generate iLTD. These results implied that spontaneous excitatory signaling may produce a
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constant eCB tone similar to the ambient GABA tone observed earlier and that this mGluR
mediated eCB tone could endogenously inhibit GABA release at a low level.
The presence of two potent presynaptic regulatory mechanisms in the hilus and a possible
functional link between them (i.e. eCBs modulating the level of ambient GABA, thereby
preferentially altering glutamatergic transmission from mossy fibers) will likely have a profound
impact on the study of epilepsy and could lead to the development of new therapeutic
interventions for patients suffering TLE.
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CHAPTER 1
INTRODUCTION
The Hippocampus
One of the hallmarks of the mammalian brain is its capacity for encoding past events and
experiences and recalling these memories later. Everyday interactions, such as driving to and
from work or greeting people on the street, depend on our ability to create and store new
memories as well as call upon old ones. While the exact nature of memory storage is still
unclear—with theories ranging from single synapse-single memory to network activity and
pattern completion—certain regions within the brain have been identified as indispensible for
memory formation, perhaps the most important of which is the hippocampus.
As one of the more electrically unstable regions in the brain (relatively susceptible to
runaway excitation, presumably due to its high level of computational activity), the hippocampus
has been pinpointed as one of the primary foci for a very debilitating form of epilepsy: temporal
lobe epilepsy (TLE). In the mid-1950‘s, patients suffering TLE who were unresponsive to drug
treatments received uni- or bilateral medial temporal lobe resections (including removal of the
hippocampus) as a last ditch effort to reign in their seizures. While such extreme surgical
techniques generally proved effective, they had devastating side effects; specifically, the patients
experienced enduring anterograde amnesia (Scoville and Milner, 1957). Later clinical studies
identified specific portions of the medial temporal lobe and more specifically of the
hippocampus that were involved in certain aspects of memory formation (Zola-Morgan et al.,
1986). Since then, countless experimental reports, in animal models ranging from rats to
monkeys, have demonstrated the necessity of an intact hippocampus for proper memory storage.
And while current opinions differ as to its exact role in memory formation, storage, and recall,
the overarching message is clear.
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Anatomy
The beginning of the 20th century saw neuroscientists exploring in finer and finer detail the
anatomical features of specific brain regions. Using newly invented histological techniques such
as Golgi and Nissl staining, scientists were able to go beyond gross anatomical descriptions and
begin identifying individual cell layers and distinct types of neurons. The Spanish physician
Santiago Ramón y Cajal provided some of the most complete histological studies of the time,
including that of the hippocampal formation (Fig. 1-1).
As first described by Cajal and later expounded upon by his student, Rafael Lorente de
Nó, the hippocampal formation is comprised of a few different cellular regions with two welldefined cell layers. The hippocampal formation is most easily recognized by its distinct shape—
two interlocking C shapes described by the principal cell layers of the dentate and
hippocampus—but the structure as a whole includes the entorhinal cortex, dentate, hippocampus,
subiculum, presubiculum, and parasubiculum. The cells of the entorhinal cortex, presubiculum,
and parasubiculum are somewhat scattered in their arrangement; by contrast, the hippocampus,
dentate, and to a lesser extent the subiculum each contain a distinct, identifiable cell layer
surrounded by more diffuse cellular organization.
The cells residing in these well defined strata are mainly glutamatergic and are termed
principle cells, as they are primarily responsible for facilitating information flow through the
hippocampal formation. The principal cells of the hippocampus are called pyramidal cells,
owing to their somatic shape. Lorente de Nó subdivided the pyramidal cell layer into three
primary regions based on their synaptic connectivity: CA1, CA2, and CA3 (the name CA4 was
given to the region of the pyramidal blade extending into the hilus but these cells are often
grouped together with CA3). Pyramidal cells are bipolar in nature; each cell projects a primary
apical dendrite into stratum radiatum, between the blades of the pyramidal cell layers. The
14

proximal portion of this dendrite from CA3 pyramidal cells is linear through s. lucidum but
branches multiple times upon entering s. radiatum. In general, the apical dendrites of all
pyramidal cells run parallel into s. radiatum prior to branching. Pyramidal cells also extend
basal dendrites below the cell layers into stratum oriens. The axon of each pyramidal cell arises
from the basal portion of the cell as well and projects initially into s. oriens. For CA3 cells, the
main axonal trunk eventually crosses the pyramidal blade and projects into s. radiatum of CA1,
forming the Schaffer collateral pathway. CA3 axon collaterals also give rise to a backprojection into the hilus along with a subset that leave the hippocampus entirely, extending into
the septal nucleus as well as crossing the anterior commissure to form connections with the
contralateral hippocampus. Like CA3, axons from CA1 pyramidal cells initiate in the basal part
of the cell, projecting into s. oriens. These axons primarily project to layers III/IV of the
entorhinal cortex but a significant portion of CA1 pyramidal cells also form connections with
other cortical structures.
The dentate region houses the second principal cell layer, the dentate gyrus, which is made
up of granule cells. Granule cells are also bipolar with their dendrites branching extensively into
stratum lacunosum moleculare. S. lacunosum moleculare is described in thirds; granule cell
dendrites receive the majority of their excitatory innervation in the outer two thirds of slm from
cells in layers II/III of the entorhinal cortex. Within the inner third of slm, granule cells also
receive some excitatory input from hilar mossy cells (see below). Granule cell axons, called
mossy fibers, extend directly into the hilus; the primary mossy fiber projection from every
granule cell coalesces to form the mossy fiber tract and project into CA3 in the narrow band
called stratum lucidum just above CA3. Mossy fibers in s. lucidum synapse onto proximal
portions of the apical dendrites of CA3 pyramidal cells. These synapses are characterized by
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large presynaptic boutons that engulf postsynaptic spines. Axon collaterals branch off of mossy
fibers in the hilus, forming synaptic contacts with hilar neurons as well.
Surrounding these two principal cell layers is a vast network of inhibitory interneurons
(for an extensive review, see Freund and Buzsaki, 1996). The main role of these interneurons is
to modulate synaptic activity between principal cells, thus altering the information transmitted
through the hippocampus. Interneuron architecture is extremely varied, from simple small
unipolar cells to large extensively branched basket cells. Unlike principal cell synaptic contacts
onto other excitatory neurons, glutamatergic synapses at interneuron dendrites are small,
commonly formed as en passant synapses or by small filopodial extensions. GABAergic axons
from hippocampal interneurons form small, symmetric synapses on their target dendrites.
Hippocampal neurons also receive non GABAergic or glutamatergic extrinsic innervations as
well, including cholinergics from the septal nucleus, noradrenergics from the locus coeruleus,
and serotonergics from the raphe nuclei (Johnston et al., 1998).
The synaptic organization of the hippocampus immediately affords the structure different
discrete routes of information processing. The primary route by which information travels
through the hippocampus is known as the trisynaptic pathway (Amaral and Witter, 1989).
Neurons from layer II of the entorhinal cortex project primarily to the outer two thirds of the
molecular layer. Known as the perforant path, these axons synapse on the dendritic trees of the
granule cells, comprising the first of the three synapses in the pathway. Granule cells then
contact CA3 pyramidal cells via the mossy fiber tract in s. lucidum, as described, forming the
second synapse. Schaffer collateral axons from CA3 contact CA1 pyramidal cells in s.
radiatum, forming the third and final synapse in the pathway. A secondary monosynaptic loop
exists between the entorhinal cortex and CA1 as well. Neurons from entorhinal layers II and III
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also synapse directly onto distal dendrites of CA1 pyramidal cells that in turn project back to the
entorhinal cortex. Interneurons modulate information flow within these synaptic pathways
through feedforward and feedback inhibitory circuits.
The Hilus and Mossy Cells
The hilar region just below the dentate gyrus is uniquely situated to modify
neurotransmission near the beginning of the trisynaptic pathway. Many different interneurons
exist within the hilus, including axo-axonic, basket, and hilar commissural-associational pathway
(HICAP) related interneurons (Freund and Buzsaki, 1996). The vast majority of these
interneurons receive excitatory drive from at least some of the perforant path, associationalcommissural projections, mossy fibers, or recurrent CA3 axons (Zipp et al., 1989; Scharfman,
1991; Kneisler and Dingledine, 1995a, b; Freund and Buzsaki, 1996; Johnston et al., 1998).
With the granule cells as one of their primary synaptic targets, these interneurons can affect how
active the granule cell layer is in response to perforant path activation, thereby effectively
controlling overall activity along the trisynaptic pathway.
Among hilar interneurons, spiny mossy cells exhibit many unique characteristics;
notably, unlike all other hilar interneurons, they are excitatory, releasing glutamate from their
synaptic terminals rather than GABA (Soriano and Frotscher, 1994; Scharfman, 1995). Even
more unusual, mossy cells contribute only minimally to the local laminar circuitry of the hilus;
after a short distance, their axons project along the septotemporal axis of the hippocampus, with
targets in both the ipsilateral (associational) and contralateral (commissural) hippocampi
(Laurberg and Sorensen, 1981; Amaral and Witter, 1989; Buckmaster et al., 1992; Johnston et
al., 1998). Mossy cell axon contacts include hilar interneurons but their primary targets are
thought to be proximal dendrites of distant granule cells (Leranth et al., 1990; Scharfman et al.,
1990; Buckmaster et al., 1996; Jackson and Scharfman, 1996). Such distant axonal arborization
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is thought to allow mossy cells to coordinate interlaminar activity, a stark contrast to the
intralaminar local circuitry associated with most other hippocampal neurons (Henze and Buzsaki,
2007).
The two most common types of synaptic input to mossy cells are glutamatergic and
GABAergic. The primary source of glutamatergic innervation is the mossy fiber axon collateral
from the granule cells (Scharfman et al., 1990). Similar to those observed at the mossy fiber –
CA3 synapse in s. lucidum, mossy fiber axon collaterals form large, asymmetric boutons that
engulf thorny excrescences (spines) on the proximal dendrites of the mossy cells (Amaral, 1978;
Chicurel and Harris, 1992; Henze et al., 2000). The large size of these synapses has led to
speculation and study regarding their signaling properties; in particular, mossy fiber boutons
commonly contain upwards of 30 active zones (Claiborne et al., 1986). Other intrinsic sources
of excitation include recurrent axons from the CA3 pyramidal cells and invasions into the hilus
by the perforant path (Scharfman, 1991; Li et al., 1994; Scharfman, 1994a). These afferents
generally synapse on much smaller spines in the distal portions of the mossy cell dendritic tree,
although mossy fibers can also contact mossy cells at these distal sites (Frotscher et al., 1991).
Other hilar mossy cells represent a fourth possible source of excitation, but this suggestion is
more contentious especially considering a definitive mossy cell – mossy cell synaptic contact has
yet to be demonstrated (Scharfman et al., 1990; Larimer and Strowbridge, 2008). Along with
their glutamatergic afferents, mossy cells also receive significant GABAergic input (Larimer and
Strowbridge, 2008). Hilar interneurons that release cholecystokinin (CCK) or parvalbumin
preferentially target mossy cells over other inhibitory hilar cells (Acsady et al., 2000). Mossy
cells also likely receive significant cholinergic input as projections from the medial septum
heavily innervate the hilus (Johnston et al., 1998).
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As evidenced by many electrophysiological recordings, synaptic inputs to mossy cells are
often quite spontaneously active (much of which is thought to originate from large boutons
formed by the mossy fibers) (Strowbridge et al., 1992; Scharfman, 1993; Henze and Buzsaki,
2007). Mossy cells themselves show only weak to moderate spike accommodation during
prolonged depolarizing events and are often very excitable, a dubious characteristic considering
the low seizure threshold reported for the hippocampus as a whole (but see, Soltesz et al., 1993;
Henze and Buzsaki, 2007). In fact, mossy cells are extremely susceptible to excitotoxicity, a
feature often associated with hippocampal insult or traumatic brain injury. Of particular note are
the significant mossy cell dysfunction and death that occur in parallel with TLE onset (Nadler et
al., 1978; Lowenstein et al., 1992). Consequently, the three main theories describing the etiology
of TLE have all given mossy cells considerable weight. One theory, the Irritable Mossy Cell
hypothesis, suggests that while most mossy cells die following the initiation of status epilepticus,
those that remain are exquisitely sensitive to their excitatory drive and consequently become
hyperactive (Santhakumar et al., 2000; Ratzliff et al., 2002). Their hyperactivity leads to
overdrive of the granule cells and subsequent seizure onset. A second theory, the Dormant
Basket Cell hypothesis, purports that loss of excitatory output following mossy cell death during
epilepsy leads to a silencing of hilar basket cells, the main inhibitors of granule cell activity
(Sloviter, 1991, 1994; Sloviter et al., 2003; Zappone and Sloviter, 2004). This loss of inhibition
then allows excess electrical activity to enter the hippocampus via the dentate. The third theory,
Mossy Fiber Sprouting, suggests that loss of hilar neurons in general with special emphasis on
mossy cells causes mossy fibers from the granule cells to seek out new synaptic targets (Sutula et
al., 1989; Babb et al., 1991; Golarai et al., 1992; Leite et al., 1996). These new targets are often
other granule cells, leading to the creation of an excitatory feedback circuit within the granule
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cell layer. Although each of these theories differs on the exact etiology of TLE, mossy cells are
clearly very important for maintaining the electrical homeostasis of the hippocampus.
Synaptic Transmission
Neurons, as all cells, are physically isolated from one another; yet communication
between neurons is critical for our survival. Two main structures are responsible for allowing
the flow of information between neurons in the brain: electrical and chemical synapses.
Electrical synapses (gap junctions) permit current to move directly from one cell to another via
ionic flow. Chemical synapses, on the other hand, require a signaling molecule to transmit
information. A wide variety of chemical synapses, including axo-axonic, dendro-dendritic, axosomatic, and so on, exist in the mammalian CNS. Most commonly, however, neurons
communicate through axo-dendritic connections, with the signaling neuron giving rise to a
presynaptic terminal from its axon and the receiving neuron creating a postsynaptic density in its
dendritic tree. Differences in synapse size and shape exist as well, with excitatory terminals
generally forming large, asymmetrical synapses and inhibitory terminals forming smaller,
symmetrical synapses (Ribak and Seress, 1983; Schlander et al., 1987; Frotscher et al., 1992;
Torrealba and Muller, 1999). Large synaptic boutons (i.e. from hippocampal mossy fibers) are
generally found at the end of axon branches while en passant synapses arise as varicosities along
the axon itself (Hamlyn, 1962; Amaral and Dent, 1981; Acsady et al., 1998).
Communication at chemical synapses requires vesicular release of neurotransmitter from
the presynaptic terminal and binding and activation of postsynaptic receptors. While transmitter
type can vary dramatically between cells, the rules governing synaptic transmission are
essentially uniform. Synaptic transmission was initially studied in detail by Paul Fatt and
Bernard Katz in the early 1950s (Fatt and Katz, 1950; Del Castillo and Katz, 1954; Boyd and
Martin, 1956). Using the frog neuromuscular junction (NMJ) preparation, their research led
20

them to propose the Quantal Theory of synaptic signaling. While central synapses differ from
the NMJ, some of the underlying principles proposed by Fatt and Katz still apply; specifically,
three variables govern the observed postsynaptic response to presynaptic activity: the number of
available release sites (active zones, n), the probability of release of a single vesicle (p), and the
size of the postsynaptic response to a single release event (quantal size, q). The final response
observed in the postsynaptic cell is the product of these three variables (n*p*q). In cases where
the number of release sites is unknown, the mean quantal content (m) represents the product of n
and p. Since neurotransmitter packaging into vesicles is generally uniform (although
mechanisms exist to alter vesicular loading), if mean quantal content remains stable (i.e. in the
absence of presynaptic changes such as short term facilitation) then the average synaptic
response is determined primarily by receptor type and density in the postsynaptic membrane.
Thus, differences in receptor expression significantly impact neuronal communication at various
synapses.
Unlike in the periphery, at central synapses, characteristics such as multiple release sites,
non-uniform and non-independent exocytosis, and variable vesicle pool sizes often make them
ill-suited to traditional quantal analysis. However, under appropriately controlled conditions,
quantal analysis can be and has been used effectively to illuminate signaling properties at
different central synapses (Jonas et al., 1993; Bekkers and Stevens, 1995; Isaacson and
Walmsley, 1995; Rosenmund and Stevens, 1996). In particular, quantal analysis is especially
useful when determining whether the effect of a pharmacological agent is presynaptic or
postsynaptic. However, this method is only practical when m is small (usually achieved by
reducing or eliminating action potential generation and propagation); the presence of voltage
gated ion channels in the postsynaptic membrane leads to a breakdown in the linear relation
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between quantal release and quantal size (although development of the voltage clamp as well as
intracellular blockade of voltage gated ion channels has allowed researchers much more
flexibility in measuring multiquantal release events).
Following synaptic release of neurotransmitter—be it quantal or multiquantal—a wide
variety of receptors exist to translate intercellular communication into an intracellular signal.
Ionotropic receptors respond to ligand binding by opening a pore that allows one or more ion
types to traverse the membrane. The ubiquitous excitatory transmitter glutamate, for example,
causes membrane depolarization by binding to ionotropic glutamate receptors, which include
AMPA, NMDA, and kainate (Hollmann and Heinemann, 1994). Activation of AMPARs by
glutamate opens an ion channel permeable to sodium, potassium, and sometimes calcium. The
inhibitory signaling molecule γ-aminobutyric acid (GABA), on the other hand, activates
ionotropic GABAA receptors, allowing chloride ions to enter the cell and hyperpolarize the
membrane. Pore-forming subunits generally combine with other subunits to build the final
receptor structure. These receptors can be homomeric (containing identical subunits) or
heteromeric, with variations in receptor subunit composition significantly altering the
downstream effect of neurotransmission by changing a channel‘s ion selectivity.
Vastly outnumbering ionotropic receptors are the metabotropic G-protein coupled
receptors (GPCRs). These receptors, which often have ionotropic counterparts, affect cellular
function and membrane properties through recruitment and activation of specific G-proteins. In
general, GPCRs are single proteins, consisting of seven membrane spanning domains that form
an oblong oval shape. Diversity of related GPCRs is most often achieved through amino acid
modifications of the inter-membrane spanning regions. Related metabotropic receptors (i.e.
types 1-5 muscarinic acetylcholine receptors and groups I-IV metabotropic glutamate receptors)
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achieve differential function by recruiting different classes of G-proteins. While ionotropic
receptors are limited to changing current flow and the conductance of various ions, metabotropic
receptors retain the ability to alter a vast array of intracellular and membrane properties. GPCRs
can directly couple to ion channels, changing ionic conductance in response to activation;
alternatively, they can activate second messenger systems, leading to a decrease in vesicular
docking or an increase in protein phosphorylation, for example. The array of different
neurotransmitters, ionotropic and metabotropic receptors along with the sheer number of possible
receptor expression patterns allow for an incredible variety in synaptic signaling (Strader et al.,
1994; Brown and Sihra, 2008).
Since the discovery of classical synaptic signaling—unidirectional, from the presynaptic
terminal to postsynaptic receptors—other forms of neurotransmission have been identified that
complement and modify such signaling. Receptors for synaptically released neurotransmitters,
for example, exist outside the postsynaptic density (site of synaptic action) (Eccles et al., 1963;
Schoepp, 2001; Engelman and MacDermott, 2004), suggesting that neurotransmitter may spill
out of the synaptic cleft (Dzubay and Jahr, 1999; Glykys and Mody, 2007; Nahir et al., 2007) or
that its release can occur ectopically (i.e. from sites other than the specialized presynaptic
terminal), or both (Matsui and Jahr, 2003; Duguid et al., 2007). The presence of receptors on the
axon and presynaptic terminal itself also suggest different means of neuronal communication.
Again, spill over or ectopic release of transmitter plays a role in activating these receptors but
their spatial orientation suggests that synapses may often be bidirectional sites of
communication, employing retrograde as well as anterograde signaling (Duguid and Smart,
2004; Feil and Kleppisch, 2008; Lovinger, 2008).
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Presynaptic Modulation of Neurotransmission
Endocannabinoids
Endocannabinoids are endogenously synthesized molecules that act at the same receptor
site as Δ9-tetrahydrocannabinol (THC), the active ingredient in marijuana. While the
psychotropic effects of marijuana have been known and exploited for centuries, only within the
past 50 years has research begun to elucidate the molecular mechanisms behind these effects
(Gaoni and Mechoulam, 1964). In the mammalian brain, endocannabinoids (eCBs) are formed
as metabolites of lipid breakdown. Although a number of different molecules fall into the
endocannabinoid family (including noladin ether, virodhamine, and N-arachidonyldopamine),
arachidonylethanolamine (anandamide, AEA) and 2-arachidonyl glycerol (2-AG) appear to be
the primary compounds responsible for mediating endogenous cannabinoid signaling (Piomelli,
2003).
AEA and 2-AG production occur via similar but independent pathways. The primary
precursor to anandamide is phosphatidyl ethanolamine (PE). PE is converted to N-arachidonoyl
PE by N-acyl transferase (NAT); phospholipase D then cleaves the fatty acid head group via
hydrolysis of the phosphodiester bond, converting N-arachidonoyl PE into anandamide (Di
Marzo et al., 1994; Cadas et al., 1997). The initiation of anandamide production, however, is
highly calcium dependent. NAT, the enzyme responsible for catalyzing the passage of the
arachidonic acid head group from phosphatidylcholine to PE, is dependent on both Ca2+ and
cAMP: Ca2+ engages and activates NAT while cAMP enhances NAT activity via protein kinase
A (PKA)-dependent phosphorylation (Cadas et al., 1996). Like AEA, 2-AG requires the
removal of a lipid head group; phospholipase C (PLC) converts the abundant precursor
phosphatidylinositol (PI) to 1,2-diacylglycerol (DAG) which is then broken down into 2-AG by
DAG lipase (DGL) (Stella et al., 1997). For 2-AG production, PLC acts as the Ca2+ sensor,
24

similar to NAT in the AEA production pathway. In particular, the specific subtype of PLC
determines its Ca2+ sensitivity and can significantly affect the amount of 2-AG produced for a
given calcium concentration (Fukudome et al., 2004; Hashimotodani et al., 2005). A putative
Ca2+-independent pathway has also been proposed for 2-AG production, although the individual
steps in this process are unclear (various studies have reported this pathway includes all, part, or
none of the PLC/DGL machinery). Ca2+-independent production of 2-AG occurs following
activation of somatic group I metabotropic glutamate receptors (mGluRs) (Maejima et al.,
2001b; Varma et al., 2001). An alternative, theoretical Ca2+-dependent pathway exists for 2-AG
production as well. In this case, PI is converted to a lysophospholipid by phospholipase A1
(PLA1); the lysophospholipid is then broken down by lyso-PLC to 2-AG (Farooqui et al., 1989;
Higgs and Glomset, 1994; Piomelli, 2003). Since 2-AG is often used as a precursor or end
product for numerous different intracellular pathways, it is found at a much higher basal
concentration than is AEA (Stella et al., 1997).
As a result of eCBs being produced through lipid metabolism, they are generally thought to
diffuse passively across the cell membrane (hence they are often referred to as ―on-demand‖
neurotransmitters). However, recent research has demonstrated the presence of active transport
of these molecules as well (Ronesi et al., 2004). In the extracellular space, diffusion of these
molecules is tightly controlled, primarily because these compounds can diffuse passively across
the membrane back into cells. But their uptake is aided and accelerated by facilitated diffusion
via neuronal and astrocytic transporters (Beltramo et al., 1997; Hillard et al., 1997). Once back
in the cell, AEA and 2-AG are broken down by hydrolytic enzymes: fatty acid amide hydrolase
(FAAH) cleaves anandamide, forming arachidonic acid and ethanolamine (Hillard et al., 1995;
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Ueda et al., 1995) while 2-AG hydrolysis occurs via monoglycerol lipase (MGL) (Goparaju et
al., 1999; Dinh et al., 2002).
Although binding sites for THC had been hypothesized, not until the early 1990‘s were
two receptors discovered and their amino acid sequences identified (Matsuda et al., 1990; Munro
et al., 1993). Of the two receptors, CB1 is most commonly found in the central nervous system
while CB2 is generally associated with the periphery and immune system. Other uncloned CB
receptors have been proposed but although electrophysiological evidence supports their existence
(Hajos et al., 2001; Rouach and Nicoll, 2003; Hoffman et al., 2005), such a receptor has yet to be
isolated and sequenced. The CB1 receptor is considered one of the most ubiquitously expressed
GPCRs in the entire mammalian brain, ranging from the neocortex all the way to the cerebellum
(Piomelli, 2003). The first immunohistochemical markers proved inadequate at identifying the
truly vast expression profile of this receptor. Initial reports suggested CB1 was segregated
almost exclusively to GABAergic terminals; in the hippocampus in particular, its expression was
most closely linked with CCK-8-positive interneurons (Tsou et al., 1998; Katona et al., 1999;
Marsicano and Lutz, 1999; Tsou et al., 1999; Hajos et al., 2000; Katona et al., 2001). Yet,
behavioral data suggest that exogenously delivered cannabinoids can exert either a pro- or antiepileptic influence (Lutz, 2004). Pro-epileptic effects would be expected if cannabinoids
exclusively inhibited GABAergic terminals, leading to a general loss of inhibition in the
hippocampus and presumably an increase in excitability. An anti-epileptic outcome is more
indicative of a reduction in general excitability. In fact, recently developed antibodies clearly
demonstrate the presence of CB1 on glutamatergic terminals (Katona et al., 2006; Monory et al.,
2006), particularly in the hippocampus, a finding confirmed through electrophysiological studies
(Hofmann et al., 2008).
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CB1 is coupled to the inhibitory Gi/o proteins (a few studies suggest an association with Gs
and Gq/11, both excitatory G-proteins but excitatory effects of CB1 activation are rarely observed
(Lauckner et al., 2005). Activation of presynaptic CB1 decreases adenylyl cyclase (AC) activity
(leading to a subsequent drop in cAMP levels) (Childers and Deadwyler, 1996), inhibits VGCCs
(Mackie and Hille, 1992; Twitchell et al., 1997), and activates K+ channels (Mu et al., 1999;
Kreitzer et al., 2002). Decreased AC activity leads directly to a reduction in PKA. This
reduction causes the vesicle associated protein Rim1α to remain phosphorylated, preventing
interaction with its effector molecule Rab3A and inhibiting vesicle priming (Wang et al., 1997;
Chevaleyre et al., 2007; Heifets et al., 2008). Certain endocannabinoids are considered ―dirty,‖
capable of activating non-CB receptors; AEA in particular has been shown to bind the transient
receptor potential vanilloid type I (TRPV1) receptor (Pertwee, 2005). Due to their lipophilicity,
eCBs can also affect a variety of receptor independent changes. These include direct interactions
with voltage gated ion channels (including Ca2+, K+, and Na+), ligand gated ion channels
(including serotonin, nicotinic acetylcholine, and TRP family channels), membrane ion
transporters, and intracellular proteins and pathways (Oz, 2006). However all eCB effects
studied in this dissertation occurred through activation of the CB1 receptor.
In studying eCB transmission, many labs including our own have benefited greatly from
the development and use of genetically modified mice lacking the CB1 receptor (CB1R-/-).
Three separate strains of CB1R-/- mice were independently generated, with the mice used in the
work for this dissertation derived from the Zimmer strain (Zimmer et al., 1999). With any
genetic mutation, the absence of a naturally occurring receptor can lead to developmental and
behavioral changes as well as adaptive or compensatory cellular and molecular changes.
Extensive studies of CB1R-/- mice suggest that no significant behavioral deficits exist and that
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the most notable difference is an increased mortality of knockout mice (~30% compared to ~5%
in wild type) (Zimmer et al., 1999). Some behavioral changes do occur, however, including
reduced locomotion and increased anxiety. With respect to the work presented in this
dissertation, the most relevant effect of eCB signaling is its role in memory. Human and rodent
studies together demonstrated the ability of cannabinoids (THC in humans and endogenous in
rodents) to impair memory formation and LTP. Reports differ greatly, however, regarding the
effects of genetic deletion of the CB1 receptor: some have demonstrated increased LTP and
enhanced performance on memory tasks while others reported no significant difference between
CB1R-/- and wild type littermates in their performance in the Morris water maze (a common
rodent memory task) (Valverde et al., 2005). Although the ultimate effects of CB1R deletion are
not yet clear, these genetically modified mice have proven invaluable for demonstrating the role
of CB1 receptors, especially when used in conjunction with other physiological and
pharmacological tools.
Endocannabinoid Mediated Plasticities
Since CB1 was initially observed at GABAergic terminals, the majority of studies dealing
with retrograde eCB signaling report its effects at these inhibitory synapses. Consequently, the
most commonly observed form of eCB-mediated presynaptic inhibition is depolarization induced
suppression of inhibition (DSI) (Kreitzer and Regehr, 2001a; Maejima et al., 2001a; Wilson and
Nicoll, 2001; Hofmann et al., 2006). Following a depolarizing event in the postsynaptic cell
(generally experimentally induced depolarization but physiologically relevant presynaptic
activity has been shown to elicit synapse-specific DSI within the dendritic tree (Brown et al.,
2003), Ca2+ influx leads to a brief rise in calcium-dependent eCB production, usually 2-AG
(eCBdepol). The eCBs are then released into the extracellular space and diffuse in a retrograde
fashion to the presynaptic terminal, activating the CB1 receptors and reducing exocytosis. In this
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case, eCB production and signaling is transient since the calcium driving this process relies on
membrane depolarization. Accordingly, CB1 receptor activation too is transient and thus
intraterminal changes are kept to a minimum. Yet synaptic inhibition still occurs, in this case
primarily through closure of VGCCs neighboring the CB1 receptors, leading to a smaller
calcium rise in response to an action potential invasion of the terminal. But once eCB signaling
stops, CB1 receptors go quiet and synaptic transmission returns to normal. An identical
phenomenon has been observed at excitatory synapses as well (depolarization induced
suppression of excitation; DSE) (Kreitzer and Regehr, 2001a; Chiu and Castillo, 2008; Hofmann
et al., 2008). While DSI has been extensively studied elsewhere in the brain, knowledge
regarding the scope of eCB signaling in the hilus was significantly lacking. In fact, in the whole
of the hippocampal formation, DSI had yet to be demonstrated at any local circuit synapse (i.e.
not targeting principal cells). Consequently, the project presented in Chapter 3 was designed to
explicitly test the capability of mossy cells to produce eCBs and determine to what extent this
signaling could affect GABAergic hilar communication.
Under appropriate conditions, CB1 receptors can also affect a long term reduction in
neurotransmission. Unlike DSI and DSE, eCB LTD is less prevalent at CB1R+ synapses.
Surprisingly, the presence of both postsynaptic group I mGluRs and presynaptic CB1Rs is not
always sufficient to induce eCBmGluR LTD (Chiu and Castillo, 2008). However, at synapses
susceptible to eCB LTD, endocannabinoid signaling can have significant functional implications
not only for the target synapses but for neighboring synapses as well. For example, high
frequency stimulation (HFS) applied to the Schaffer collateral pathway leads to LTD of
inhibitory s. radiatum interneurons (iLTD) (Chevaleyre and Castillo, 2003). Specifically,
excessive drive of the SC axons causes glutamate to reach postsynaptic group I mGluRs, leading

29

to dendritic release of eCBs as described; the eCBs in turn act to reduce GABAergic
transmission from s. radiatum interneuron terminals neighboring the excitatory synapses formed
by the SC axons. This heterosynaptic depression of sr interneurons reduces the threshold for
LTP induction at nearby SC synapses, presumably allowing for SCs to positively control their
synaptic strength (Chevaleyre and Castillo, 2004). Endocannabinoid mediated LTD need not
occur only at GABAergic synapses; in fact, LTD of CB1+ glutamatergic terminals (eLTD) is
more prevalent and generally more reliable than iLTD (Robbe et al., 2002; Safo and Regehr,
2005; Sergeeva et al., 2007; Adermark et al., 2009; Penzo and Pena, 2009).
GABA
GABA, formed when glutamic acid decarboxylase (GAD) breaks down glutamate, is one
of two principally used inhibitory neurotransmitters in the CNS and both ionotropic GABAA and
metabotropic GABAB receptors mediate its effects. GABAARs are selective chloride channels
that also passage HCO3- (bicarbonate) across the membrane. Early in development, the
intracellular Cl- concentration is high in many brain regions, causing the equilibrium potential of
the ion to be slightly positive of the resting membrane potential of many neurons. Consequently,
activation of GABAARs and opening of the Cl- channel leads to an efflux of chloride and
depolarization of the cell. The functional purpose of this initial excitatory affect is unclear but
proposed hypotheses suggest that GABA is used as a neurotransmitter prior to glutamate and
therefore GABAergic signaling must necessarily be excitatory to promote synaptic growth and
enhance the strength of nascent synapses (for review, see Cherubini et al., 1991). Eventually,
following increased expression of the K+/Cl- cotransporter (KCC2) during development, the
chloride gradient shifts, pushing the Cl- equilibrium potential negative of the resting membrane
potential and causing subsequent GABA signaling through GABAARs to be inhibitory. In
extreme cases, activity of GABAergic interneurons on small cellular structures such as dendritic
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spines can cause a breakdown of the chloride gradient. With the loss of chloride movement,
bicarbonate, whose ionic gradient causes it to oppose chloride movement, can depolarize the
membrane (Kaila and Voipio, 1987; Grover et al., 1993). More often, however, if Cl- no longer
moves across the membrane, active GABAA receptors still mediate inhibition through shunting.
GABAB receptors also mediate inhibitory actions of GABAergic signaling, indirectly through Gprotein activation. GABABRs are coupled to the inhibitory Gi/o proteins and their activation
dissociates and activates the Gα and Gβγ subunits. These subunits can affect a wide range of
intracellular pathways, although they primarily mediate inhibition through activation of inwardly
rectifying potassium channels (GIRKs) and closure of VGCCs (Thalmann and Ayala, 1982;
Gahwiler and Brown, 1985; Marshall, 2008; Raiteri, 2008). Activation of GIRKs leads to
postsynaptic hyperpolarization and inhibition of neuronal excitability. Closure of VGCCs and
reduction of the membrane Ca2+ conductance prevents the postsynaptic cell from responding as
efficiently to depolarizing events.
Presynaptic and extrasynaptic GABA receptors, both GABAARs and GABABRs, mediate
inhibitory actions using similar mechanisms as those employed at the postsynaptic density
(Lanthorn and Cotman, 1981; Kullmann et al., 2005). However, the types of receptors present at
these different sites vary dramatically in their composition and sensitivity for GABA. Located at
the postsynaptic density are phasic GABAA receptors that express a low affinity for GABA and
rapidly desensitize (Dutar and Nicoll, 1988). While all GABAARs contain five subunits, usually
consisting of three distinct subtypes – one α and one β subtype each, in combination with a γ, δ,
or ε – the phasic receptors most often combine with the γ subunit. Presynaptic and extrasynaptic
receptors, on the other hand, generally have a higher affinity for GABA than their phasic
counterparts and usually incorporate a δ subunit (and in some brain areas specifically include α6)
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(Stell and Mody, 2002; Yeung et al., 2003; Mtchedlishvili and Kapur, 2006). These receptors
have been reported to inhibit activity via both hyperpolarization and depolarization. As
expected, hyperpolarization by presynaptic GABAARs moves the membrane potential further
away from the threshold necessary for VGCC activation and Ca2+ influx (Ruiz et al., 2003). The
exact mechanism by which GABAAR mediated depolarization inhibits neurotransmission is
unclear but theories suggest that inactivation of the voltage sensitive sodium channels necessary
for action potential generation as well as voltage dependent inactivation of VGCC may reduce
action potential amplitude or prevent AP propagation entirely. At presynaptic terminals,
depolarization may decrease the driving force on Ca2+, effectively reducing transmitter release
probability. Shunting may also play a significant role in extrasynaptic receptor mediated
inhibition (for review, see Kullmann et al., 2005).
Similar to GABAARs, metabotropic GABABRs are heterodimers, containing a GABAB1
and GABAB2 subunit each, with two isoforms identified for the GABAB1 subunit: GABAB1a and
GABAB1b (Kaupmann et al., 1997). Genetic and receptor autoradiographic studies suggest that
presynaptic receptors preferentially include the GABAB1a isoform while postsynaptic receptors
use the GABAB1b isoform (Vigot et al., 2006). Presynaptic GABABRs inhibit synaptic
transmission primarily by reducing calcium conductance via modulation of P/Q-type, and to a
lesser extent N-type, calcium channels (Wu and Saggau, 1995; Chen and Regehr, 2003; Lei and
McBain, 2003). They may also enhance a background potassium conductance, further
hyperpolarizing the presynaptic membrane (Fearon et al., 2003).
While GABA transporters located both on neurons and neighboring glial cells are
generally effective at removing the majority of GABA from the extracellular space (Borden,
1996; Conti et al., 2004), some neurotransmitter is clearly present at a basal concentration
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outside the synaptic cleft. The high affinity afforded to extrasynaptic GABA receptors allows
them to respond to such low levels of ambient GABA. This tonic receptor activation leads to a
steady state offset of the membrane potential (Kaneda et al., 1995) that, although metabolically
expensive to maintain a stable Cl- gradient in the presence of open channels, might allow for bidirectional modulation of membrane and network excitability. Regulation by tonic activation of
extrasynaptic GABA receptors occurs frequently throughout the brain but often in a cell-type
specific manner (Nusser and Mody, 2002; Porcello et al., 2003; Semyanov et al., 2003; Cavelier
et al., 2005).
The source of ambient GABA remains controversial. One theory suggests that the same
transporters responsible for taking up GABA from the extracellular space may reverse their
action and extrude GABA back out of the cell (Richerson and Wu, 2003). An alternative theory
purports that action potential dependent synaptic release of GABA can overwhelm uptake
mechanisms and receptors, causing GABA to spill out of the synaptic cleft and build up around
the terminal (Alle and Geiger, 2007; Glykys and Mody, 2007). Evidence for this theory includes
the observation that an action potential dependent increase in GABA release can preferentially
inhibit one terminal type without affecting a second, while both impinge on the same cell and
express the necessary presynaptic receptors (Nahir et al., 2007).
At the onset of my graduate work, mossy fiber synapses in CA3 were known to express
presynaptic GABAARs (Ruiz et al., 2003) and GABABRs (Vogt and Regehr, 2001), both of
which were subject to tonic activation by ambient GABA. The question of direct modulation of
MFs in CA3 by mAChRs, however, was less clear; an early report intimated the presence of
muscarinics on MF terminals (Williams and Johnston, 1990) but a more recent study suggested
the observed muscarinic inhibition was due to indirect activation of GABA receptors (Vogt and
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Regehr, 2001). In contrast, recurrent CA3 connections have been shown to express both
presynaptic GABABRs and mAChRs, facilitating direct inhibition by both GABA and
acetylcholine (Vogt and Regehr, 2001). Knowing this, the project presented in Chapter 4 was
designed to compare GABAergic and cholinergic regulatory mechanisms at mossy fiber and
non-mossy fiber glutamatergic synaptic contacts in the hilus (specifically at hilar mossy cells)
with those found in area CA3.
The projects from Chapters 3 and 4 were designed independently and each of the
mechanisms described therein stand alone as an effective way to regulate neurotransmission in
the hilus of the dentate gyrus. However, we discovered a common theme potentially linking the
two mechanisms together that led us to hypothesize that the level of hilar ambient GABA could
be regulated by endocannabinoid mediated synaptic plasticity. The project in Chapter 5 is the
first step taken toward testing this hypothesis; more specifically, we proposed that eCB mediated
plasticity in the hilus may not be limited to DSI but might also include iLTD. Thus, we sought
to discover whether mossy cells could produce eCBs in an mGluR dependent manner and
whether they could subsequently induce iLTD at their CB1R+ afferent terminals.
Summary
The work reviewed here demonstrates the importance of the hippocampus to the brain
and, more specifically, the hilar mossy cell to the hippocampus and reveals a general lack of
understanding of mossy cell physiology and function as compared to hippocampal principal
cells. Unique among hilar interneurons, mossy cells project to both the ipsilateral and
contralateral hippocampi and over a significant distance along the septotemporal axis,
presumably coordinating granular activity in distinct lamina. Due to their susceptibility to
excitotoxicity and central role in competing TLE theories, this dissertation was designed to
elucidate mechanisms by which mossy cell afferent activity is controlled. Our results
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demonstrate the independent importance of both retrograde eCB signaling and ambient GABA in
regulating presynaptic innervations of mossy cells and also suggest a possible link between the
two, indicating multiple time scales and multiple levels of presynaptic regulation.

Figure 1-1. Drawing of hippocampal formation, as seen by Ramón y Cajal. Abbreviations: DG
– dentate gyrus; CA3 – cornus ammoni, area 3; CA1 – cornus ammoni, area 1; EC –
entorhinal cortex. Modified from Ramón y Cajal, 1911.
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CHAPTER 2
MATERIALS AND METHODS
Drugs and Suppliers
The following chemicals were obtained from Tocris Cookson (Ellisville, MO):
AM-251 (N-(piperidin-1-yl)-5-(4-iodophenyl)-1- (2,4-dichlorophenyl)-4-methyl-1Hpyrazole-3carboxamide); CB1R antagonist
WIN55,212-2 ((R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4benzoxazin-6-yl)-1-napthalenylmethanone); CB1R agonist
DHPG ((RS)-3,5-dihydroxyphenylglycine); group I mGluR agonist
MPEP (2-methyl-6-(phenylethynyl)pyridine hydrochloride); selective mGluR5 antagonist
LY367385 ((S)-(+)-a-amino-4-carboxy-2-methylbenzeneacetic acid); selective mGluR1
antagonist
GABA (γ-aminobutyric acid)
CCh (carbachol; carbamoylcholine chloride); mAChR antagonist
CGP 52432 ([3-[[(3,4-dichlorophenyl)methyl-]amino]propyl](diethoxymethyl)phosphinic acid);
GABABR antagonist
DCG-IV ((2S,2‘R,3‘R)-2-(2‘,3‘-dicarboxycyclopropyl)glycine); group II mGluR agonist
TTX (tetrodotoxin); voltage gated Na+ channel blocker
The following chemicals were obtained from Sigma-Aldrich (St. Louis, MO):
CCh (Carbachol; carbamoylcholine chloride)
NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide); competitive
AMPA/Kainate receptor antagonist
DNQX (6,7-Dinitroquinoxaline-2,3(1H,4H)-dione); competitive AMPA/Kainate receptor
antagonist
APV (DL-2-amino-5-phosphonovaleric acid); NMDA receptor antagonist
TTX (tetrodotoxin)
SR101 (Sulforhodamine 101); fluorescent dye
BAPTA (Ethylenedioxybis(o-phenylenenitrilo)tetraacetic acid, 2,2′-(Ethylenedioxy)dianilineN,N,N′,N′-tetraacetic acid); membrane impermeant fast Ca2+ chelator
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Baclofen ((±)-β-(Aminomethyl)-4-chlorobenzenepropanoic acid); GABABR agonist
NO-711 (1-[2-[[(Diphenylmethylene)imino]oxy]ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic
acid); inhibitor of GAT1 (GABA transporter)
Muscarine (Tetrahydro-4-hydroxy-N,N,N,5-tetramethyl-2-furanmethanammonium); mAChR
agonist
PTX (picrotoxin); GABAAR antagonist
Atropine (endo-(±)-α-(Hydroxymethyl)benzeneacetic acid 8-methyl-8-azabicyclo[3.2.1]oct-3-yl
ester) ; mAChR antagonist
QX-314 Cl (Lidocaine N-ethyl chloride); intracellular voltage gated Na+ channel blocker
DMSO (dimethyl sulfoxide); dissolving agent
Common compounds (i.e. CaCl2, sucrose, KCl) used for intracellular and extracellular solutions
were obtained from either Sigma-Aldrich or ThermoFisher Scientific (Pittsburgh, PA). The
fluorescent dye Alexa Fluor 594 was obtained from Molecular Probes (Invitrogen, Eugene, OR).
Ketamine hydrochloride was purchased from Webster Veterinary (Sterling, MA).
Animal Procedures and Tissue Preparation
Hippocampal tissue from male Sprague-Dawley rats or C57BL6/J mice between ages 18
and 25 days postnatal were used for this dissertation. Individual animals were given an
intraperitoneal (IP) injection of ketamine hydrochloride (80-100 mg/kg) and decapitated using a
small animal guillotine. The brain was immediately removed from the skull and placed in ice
cold artificial cerebral spinal fluid (ACSF) used for dissection (see Extracellular Solutions).
Horizontal hippocampal slices ~300 μm were cut using a Pelco 100 Series 3000 Vibratome
(Pelco, Redding, CA) and incubated between 30 and 35°C for 30 min in dissecting ACSF then
equilibrated to room temperature prior to use. Tissue slices were generally used within 8 h
following dissection. All animal procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Florida and fit with the general animal welfare
guidelines issued by the National Institutes of Health.
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CB1R-/- and wt C57BL6/J mice were cousins, obtained by crossing homozygous
knockout or wild type littermates, respectively, descended from heterozygous parents. Seminal
heterozygous breeders were descended from the line developed by A. Zimmer at NIMH and
were a generous gift from Dr. Carl Lupica (NIDA).
Extracellular Solutions
Dissecting ACSF contained (in mM): 124 sodium chloride (NaCl), 2.5 potassium
chloride (KCl), 1.2 sodium phosphate (NaH2PO4), 2.5 magnesium sulfate (MgSO4), 10 Dglucose, 1 calcium chloride (CaCl2), and 25.9 sodium bicarbonate (NaHCO3). Experimental
ACSF contained (in mM): 126 NaCl, 3 KCl, 1.2 NaH2PO4, 1.5 MgSO4, 11 D-glucose, 2.4 CaCl2,
and 25.9 NaHCO3. For the experiments presented in figures 3-3 to 3-6, 3-8, and 5-2 to 5-8, CCh
(3 μM) was present in the ACSF. When recording inhibitory postsynaptic currents (IPSCs),
APV (40 μM) was added to the ACSF, along with either NBQX (10 μM; Chapter 3) or DNQX
(20 μM; Chapter 5). To isolate excitatory postsynaptic currents (EPSCs), PTX (50μM) was
added to the ACSF. For all experiments, ACSF was saturated with an oxygen/carbon dioxide
mixture (95% O2 / 5% CO2). Experiments were generally performed at 30 ± 1°C and heated
ACSF was perfused across the tissue at a rate of 2.0 mL/min. Cannabinoid related compounds
(WIN and AM-251) were dissolved in DMSO and added to the ACSF for a final concentration of
≤ 0.02% DMSO on the slice.
Intracellular Solutions
To record EPSCs (i.e. Fig. 2-1, 5-8, and Chapter 4, excluding Fig. 4-6), an internal
solution (low chloride) was used that contained (in mM): 140 cesium methanesulfonate
(CsCH3SO3-), 1 MgCl2, 3 NaCl, 0.2 Cs-EGTA, 10 HEPES, 4 Na2- adenosine triphosphate (ATP),
0.3 Na- guanosine triphosphate (GTP), and 5 QX-314 Cl. When recording IPSCs, the internal
solution (high chloride) contained (in mM): 95 CsCH3SO3-, 55 CsCl, 1 MgCl2, 0.2 Cs-EGTA, 10
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HEPES, 2 Na2-ATP, 0.3 Na-GTP, and 5 QX-314 Cl. All internal solutions were adjusted using
cesium hydroxide (CsOH) to a final pH of ~7.3. 10 mM BAPTA was added to the high chloride
internal to block calcium in the postsynaptic mossy cell (Fig. 3-4A). On the day of use, SR101
(~75 μM) or Alexa Fluor 594 (50 μM) was added to the internal solution, allowing for
visualization via epifluorescence.
Whole Cell Recording
Slice tissue was visualized using infrared differential interference contrast microscopy
(IR DIC) on an Olympus BX51WI microscope. Whole cell patch clamp experiments were
conducted using borosilicate glass pipettes pulled by a Flaming/Brown P-97 electrode puller
(both from Sutter Instruments, Novato, CA). Path electrode tip resistance typically ranged
between 3 and 6 MΩ when filled with either a low or high chloride internal solution. Upon
membrane rupture, access resistance (Ra) ranged between 8 and 20 MΩ and was generally
uncompensated. Ra was monitored throughout all experiments with any cell exceeding 30 MΩ
rejected from analysis. Also, any cell whose holding current (Ihold) became more negative than 500 pA when voltage clamped at -70 mV was discontinued and not used for analysis. Voltage
clamp experiments were performed using an Axon Multiclamp Commander 700A or 700B
amplifier (Molecular Devices, Sunnyvale, CA). Data were sampled at 20 kHz, filtered at 2 kHz,
and digitally recorded by a Digidata 1322A or 1400A analog to digital (A/D) converted using
Clampex v. 9 or 10 (Molecular Devices).
Mossy Cell Identification
Mossy cells were identified both pre and post hoc based on both physiological and
anatomical features. In general, mossy cells exhibit the following attributes: 1) larger than
average soma (as measured by membrane capacitance, generally ≥ 150 pF), 2) large amplitude (≥
100 pA), spontaneous EPSCs when voltage clamped at -70 mV, 3) multipolar (multiple dendrites
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projecting in different directions), and 4) spiny (large thorny excrescences on proximal
dendrites). Membrane capacitance was measured immediately upon whole cell break in and
synaptic activity was qualitatively determined over the first few minutes of experimental
recording. Anatomical features were identified at the end of every experiment using
epifluorescence. Since hilar interneurons are extremely varied in their physiology, including
large and spiny neurons, only those neurons possessing all four criteria were considered mossy
cells and used for analysis. A sample fluorescent image is included in figure 2-1.
Stimulation
Evoked responses were obtained using an electrode connected to a constant stimulus
isolator (World Precision Instruments, Sarasota, FL). For experiments presented in figures 3-3 to
3-6, 3-8, and 5-1, bulk evoked IPSCs (eIPSCs) were elicited with a concentric bipolar electrode
(FHC, Bowdoin, ME) at a rate of 0.33 Hz. Minimally evoked EPSCs and IPSCs (meEPSCs and
meIPSCs, respectively; see Chapters 4 and 5) were elicited using a monopolar electrode placed
in a standard recording pipette filled with ACSF. Current intensity generally ranged from 20 to
150 μA for both bulk and minimal stimulation and all stimuli lasted 0.1 ms.
The goal of minimal stimulation is to isolate one or just a few (i.e. < 4) presynaptic
axons. To ensure such isolation, meEPSCs and meIPSCs were subject to the following criterion:
a sharp response threshold (i.e. a change from mostly failures to mostly successes in a range ≤ 10
μA) followed by no significant immediate change in response amplitude (over the next 10-15
μA) (Fig. 2-2A). This criterion was sufficient for the meIPSC experiments presented in Chapter
5. Since the minimal stimulation experiments in Chapter 4 required the isolation of mossy fibers
from non-mossy fibers, four additional criteria were used along with the sharp threshold to
distinguish these different glutamate inputs: rise time, latency of event onset, frequency
facilitation, and DCG-IV sensitivity. The first two – event rise time and latency from stimulus –
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were much shorter for MFs than non-MFs. Third, mossy fibers express robust short term
potentiation (frequency facilitation). Briefly, a five-pulse train of stimuli (16.67 Hz) was
delivered to the isolated axon, resulting in a significant potentiation of MF meEPSCs (Fig. 2-2B)
while non-MF meEPSCs exhibited only a small increase. Fourth, MF terminals express
presynaptic group II metabotropic glutamate receptors and activation of these mGluRs
significantly inhibits MFs vs. non-MFs (some perforant path axons also express the same
receptors but are less well inhibited by their activation). Therefore, isolated meEPSCs were
considered MF in origin if they fit the first 3 criteria and were inhibited by more than 80% by
DCG-IV (Fig. 2-2C). An exception to the 80% rule was made for those experiments presented in
Fig. 4-2, when some cells were treated with DCG-IV prior to full recovery from baclofen. In
these cases, a 50% block was considered acceptable.
Focal Drug Application
In some cases, direct local drug application was necessary. To deliver drugs directly to
their target, glass pipettes were pulled with an inner diameter slightly larger (~1-3 μm) than that
used for whole cell patch clamp and then filled with drugs diluted to the appropriate
concentration in ACSF. Spritz pipettes were connected to a Picospritzer III (General Valve,
Fairfield, NJ). For the experiment in figure 3-7, the spritz pipette was filled with 100 μM
sucrose and placed at the top of the tissue, above the patched mossy cell. Sucrose was delivered
for 2 min at ~20 psi. For isolation of mossy fibers as presented in figure 4-2, 1 μM DCG-IV was
loaded into the spritz pipette. The pipette was placed such that a small depression was observed
in the tissue just above the cell during pressure ejection of the drug (10 s, ~20 psi). For the
glutamate spritz also shown in figure 4-2, pipettes were loaded with 50-200 μM glutamate and a
10 ms spritz at 20 psi was delivered at 0.05 Hz. The glutamate spritz was intended to replicate a
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synaptic response; therefore, a small pressure wave was observed on the soma of the patched cell
for each application.
Data Analysis
Spontaneous and Miniature Synaptic Events
Spontaneous and miniature IPSCs (sIPSCs and mIPSCs, respectively) were detected,
with appropriate parameters, using either MiniAnalysis v. 6.03 (Synaptosoft, Decatur, GA) or
custom written event detection software in OriginPro v. 7.5 or 8 (OriginLab, Northhampton,
MA). When using MiniAnalysis, event tables were imported to OriginPro for further analysis.
Power analysis for data presented in figures 3-1 and 3-2 was conducted in ClampFit v. 9. ―Theta
power‖ was defined as (absolute power from 4 to 14 Hz / absolute power from 2 to 50 Hz) x 100,
where absolute power is the summation of all spectral bins in the stated range.
Evoked Synaptic Events
Minimally evoked EPSCs and IPSCs were manually analyzed for contamination by
spontaneous synaptic activity and multiple peaks (i.e. responses from multiple presynaptic
axons) and rejected if such problems were observed. Cells with > 50% sweeps removed for such
problems were not analyzed further. Errors are reported as SE.
DSI
The following time course represents a ―set‖ of DSI: 60 s baseline period, 5 s
depolarization from -70 to 0 mV, 90 s recovery period, 60 s interval period (to separate sets).
For DSI of evoked responses, eIPSCs were elicited at 0.33 Hz in both the baseline and recovery
periods. The measurement periods from the relevant periods were: baseline – 24 s (8 sweeps)
immediately prior to depolarization; DSI – 6 s (2 sweeps) immediately following depolarization;
recovery – 24 s (8 sweeps) at end of recovery period (66-90 s after depolarization). Average
response amplitude or sIPSC frequency was used to determine the level of DSI.
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The following statistical test was developed to objectively assess the presence of DSI: the
DSI period was compared to the baseline and recovery periods. If the DSI period was
significantly smaller (see Statistics section) than both the baseline and recovery periods (2.37 *
standard error (SE) of the relevant mean) the trial (―set‖) was considered to have expressed DSI.
Allowing for natural fluctuations in cell signaling, the average of 3 to 5 sets was required to
show DSI in order to conclude the presence of retrograde endocannabinoid signaling.
Tonic and Phasic Current Measurements
Changes in spontaneous IPSCs (phasic current) are most often measured using traditional
event detection. Changes in tonic current, on the other hand, are most often measured as
differences in the holding current (Ihold). However, such measurements must be carefully
obtained to prevent contamination by sIPSCs (Scimemi et al. 2005; Prenosil et al. 2006).
Alternatively tonic currents have been characterized using noise analysis (Brickley et al. 1996;
Mtchedlishvili and Kapur 2006) or by fitting a Gaussian curve to an all-points histogram of
sampled data (Wall and Usowicz 1997; Petrini et al. 2004; Glykys and Mody 2006; Glykys et al.
2006). Unfortunately, these techniques generally fail to describe simultaneously changes in both
tonic and phasic currents. For the current manuscript, we developed an analytical method
directly based on that described in a recent report from Glykys and Mody (SFN abstract, 327.4,
2006).
In brief, continuous time series data was recorded at 20 kHz, down sampled to 5 kHz, and
broken into 5 s intervals. For each consecutive interval, an amplitude histogram was constructed
from all 25,000 data points. A nonlinear least squares fit (NLSF) was then performed on a
portion of each amplitude histogram using the Gaussian function given in Equation 2-1.
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where A is the area under the normal curve, w is the width at ½ peak amplitude, and xc is the x
value at center of the curve. Importantly, the portion of the amplitude histogram used for NLSF
fitting excluded all amplitude bins left of center that had less than ½ the number of counts in the
largest amplitude bin. Since physiological noise in the absence of spontaneous IPSCs is
expected to be normally distributed, xc from the best fit curve was accepted as the mean tonic
current for each interval. In order to calculate phasic current we relied on the fact for a purely
Gaussian distribution, xc of the best fit curve obtained as above will be equal to the mean value
of all the data in the bin. Thus, in intervals with little or no spontaneous activity, the difference
in area between the predicted Gaussian curve and experimental data should be very close to 0, as
described by Equation 2-2.

 x  x x  0

(2-2)

c

By contrast, in intervals with appreciable spontaneous activity (due to increased sISPC frequency
and/or amplitude), spontaneous inward currents create a leftward skew to the amplitude
histogram that will not affect xc from the best fit curve, but that will cause a significant shift in
the sum of (x-xc) away from 0. Therefore, this sum was considered to represent total phasic
current per interval.
Glykys and Mody have tested this technique against real and simulated sIPSCs and
reported it to be sensitive to minor (~15%) changes in both phasic and tonic currents. We
verified our own code in two ways. First we demonstrated that adding a standing current to all
points selectively modulates tonic current, while doubling the amplitude of all points > 2
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standard deviations from the mean selectively modulates phasic current (data not shown).
Second, we plotted phasic and tonic currents analyzed in 1s intervals on top of raw sIPSCs as in
Fig. 2-3. These plots emphasize the ability of the tonic current to accurately identify Ihold
regardless of sIPSC frequency, and also demonstrate that phasic current clearly increases with
event frequency, showing sensitivity to as little as 1 event.
Statistics
Statistical hypothesis testing was done using OriginPro and Excel 2003 or 2007
(Microsoft, Seattle, WA). In general, two-tailed one or two sample (where appropriate)
Student‘s t-tests were used to determine significance of bath-applied drugs to evoked synaptic
events (including eIPSCs, meIPSCs, and meEPSCs). Null hypotheses: mean = 1 for data
normalized to baseline mean (one-sample); mean1 – mean2 = 0 (two sample). KolmogorovSmirnoff (KS) tests were used to determine changes in frequency and amplitude of mIPSCs.
Pearson correlation and linear regression analyses were used to ascertain correlations between
drug effects. Unless otherwise stated, all drug effects are listed as percent of baseline (100) ±
standard error (SE). Unless otherwise stated, a single asterisk (*) indicates p < 0.05 while a
double asterisk (**) indicates p < 0.01.
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Figure 2-1. Mossy cell anatomy. An example of a mossy cell with a large, multipolar dendritic
tree. Large thorny excrescences on the proximal dendrites are indicative of mossy
fiber (MF) synapses. Smaller spines are located on more distal dendrites and include
both MF and non-MF glutamatergic contacts. GABAergic synapses are dispersed
over both the soma dendritic tree. The axon is clearly visible as a much thinner
aspiny process with many small filopodial extensions.
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Figure 2-2. Isolation of minimally evoked mossy fiber mediated EPSCs. A) An example of a
minimally evoked EPSC with a sharp stimulus threshold between 35 and 40 μA.
Stimulation duration was 0.1 ms. Insets represent individual and average responses at
every stimulus intensity (gray), with the average response overlaid in black. Scatter
plot indicates average amplitude and standard error of the sweeps shown. B) The
response shown in A also demonstrated strong frequency facilitation when stimulated
with a 5 pulse train at 16.7 Hz (stimulation intensity = 45 μA). The inset is an
average of 5 trials while the scatter plot indicates the peak amplitude of each pulse
normalized to p1 and measured from the average sweep. C) This response also
demonstrated strong sensitivity to inhibition by bath application of 1 μM DCG-IV.
Specifically, p1 was inhibited by 83% while p2 was blocked by 80%. The paired
pulse ratio increased from 1.9 to 2.26. All panels in this figure represent data from a
single representative experiment. The latter two features (as indicated in panels B-C)
identified this response as being of MF origin.
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Figure 2-3. Simultaneous measurement of phasic and tonic currents. A) In the absence of
spontaneous activity, tonic current (dashed lines) accurately reflects Ihold, while phasic
current (dotted lines) calculated as described in the methods is near 0. For simplicity,
phasic current is plotted in all panels as an offset from tonic current. B) Phasic
current shows excellent sensitivity to spontaneous activity. In this panel, a single
event produces a phasic current of 7.3 pA when calculated over a 1 s interval. C)
Phasic current clearly increases with the level of spontaneous activity, while tonic
current continues to accurately report Ihold even during periods of very high event
frequency. Legend and scales apply to all panels. Data are sIPSCs taken from
baseline (A-B) and early CCh period (C) of cell shown in Fig. 4-8A.

48

CHAPTER 3
ENDOCANNABINOID-MEDIATED DEPOLARIZATION-INDUCED SUPPRESSION OF
INHIBITION IN HILAR MOSSY CELLS OF THE RAT DENTATE GYRUS1
Introduction
Depolarization induced suppression of inhibition (DSI) is a form of short term synaptic
plasticity that is dependent upon retrograde transmission mediated by endogenous cannabinoids
(eCBs). DSI has been observed in a number of brain areas where presynaptic type 1 cannabinoid
(CB1) receptors are expressed, including the amygdala, substantia nigra, basal ganglia,
neocortex, cerebellum, and hippocampus (Llano et al., 1991; Pitler and Alger, 1992b; Kreitzer
and Regehr, 2001b; Wilson and Nicoll, 2001; Trettel and Levine, 2003; Yanovsky et al., 2003;
Zhu and Lovinger, 2005; Engler et al., 2006). In fact, across many areas of the central nervous
system, variations in factors such as the mechanism of induction (and source) of eCB release, the
duration of eCB dependent signaling, and the location of cannabinoid receptor expression have
implicated eCBs either directly or indirectly in multiple forms of synaptic plasticity (Kreitzer and
Regehr, 2001a; Gerdeman et al., 2002; Robbe et al., 2002; Chevaleyre and Castillo, 2003, 2004;
Hashimotodani et al., 2005; Safo and Regehr, 2005).
Several recent lines of evidence have begun to suggest that eCBs might play a similarly
important role in modulating synaptic activity in the dentate gyrus, an area that serves as the
entry point for the primary afferent projections to the hippocampus from both the medial septum
and the entorhinal cortex (Johnston et al., 1998). For example, it is clear that both CB1 receptors
and the enzymes necessary for degradation of eCBs are expressed in the dentate gyrus (Tsou et
al., 1998; Katona et al., 1999; Katona et al., 2000; Romero et al., 2002; Gulyas et al., 2004).

1

This chapter has been modified with permission from the previously published article: ―Endocannabinoid-mediated
depolarization-induced suppression of inhibition in hilar mossy cells of the rat dentate gyrus.‖ J. Neurophysiol. 2006
Nov;96(5):2501-12

49

Further, previous reports have demonstrated that exogenous CB1 agonists can modulate the
activity of inhibitory inputs to dentate granule cells (Nakatsuka et al., 2003) and that eCB
dependent signaling is enhanced in the dentate following febrile seizures (Chen et al., 2003).
Finally, a recent study has provided the first clear evidence that DSI may be induced by
experimental excitation of granule cells under normal conditions (Isokawa and Alger, 2005).
In the present study we test the hypothesis that endocannabinoid dependent retrograde
signaling can also be initiated by depolarization of mossy cells found in the hilar region of the
dentate gyrus. These cells are unique among local circuit neurons in the hippocampus and
dentate gyrus in that they are glutamatergic rather than GABAergic (Scharfman, 1995). They are
also extremely sensitive to both ischemia and excitotoxicity (Freund and Magloczky, 1993; Hsu
and Buzsaki, 1993; Magloczky and Freund, 1993), have a strong longitudinal projection
(Amaral, 1978; Amaral and Witter, 1989; Buckmaster et al., 1992; Buckmaster and
Schwartzkroin, 1994), and have been consistently implicated (through either their loss or
dysfunction) in several competing theories on the etiology of temporal lobe epilepsy (Sloviter,
1991; Lothman et al., 1996; Houser, 1999; Santhakumar et al., 2000; Ratzliff et al., 2002;
Ratzliff et al., 2004). Our results indicate that excitation of hilar mossy cells produces a robust
inhibition of local GABAergic transmission and suggest a prominent role for eCB dependent
retrograde signaling in hilar neurophysiology.
Results
DSI of Spontaneous IPSCs in Hilar Mossy Cells
Identified hilar mossy cells (see Chapter 2) were voltage clamped at -70 mV in whole cell
mode using a CsCH3SO3- based internal solution that contained ~60 mM CsCl. Approximately 3
min after obtaining a whole cell recording, the ionotropic glutamate receptor antagonists NBQX
(10 μM), and APV (40 μM) were bath applied in order to isolate spontaneous IPSCs and 3 μM
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CCh was applied in an attempt to increase spontaneous inhibitory postsynaptic current (sIPSC)
frequency. Mossy cells could be readily divided into three groups based on the nature of the
spontaneous activity that emerged under these experimental conditions.
In one group of cells, application of CCh produced a large, sudden, and stable increase in
sIPSC frequency and amplitude (Fig. 3-1A). In four cells in which this effect was observed, the
average sIPSC frequency after application of CCh was 14.5 ± 3.42 Hz while the average
amplitude was 71.5 ± 6.44 pA. A power analysis revealed that spontaneous activity in these
cells uniformly showed 1 or more strong peaks in the theta band (e.g. 4-14 Hz, Fig. 3-1B,
average ‗theta power‘ (see Chapter 2) was 50.1 ± 3.38%). In this population of cells,
depolarization from -70 mV to 0 mV for 5 s produced robust DSI that could be observed as a
transient decrease in both frequency and amplitude of sIPSCs (Fig. 3-1C–E, 46.4 ± 13.3% and
49.9 ± 8.02% reduction from baseline, respectively, n=4, p ≤ 0.05 in both cases).
In a second group of cells no similar CCh mediated ‗switch‘ in sIPSC frequency and
amplitude was observed, but sIPSCs still occurred in the presence of 3 μM CCh at a frequency
suitable for examination of DSI (e.g. ≥ ~3Hz). In these cells, average sIPSC frequency and
amplitude was significantly smaller (8.1 ± 1.3 Hz, and 39.8 ± 3.80 pA, respectively), and a
power analysis uniformly failed to reveal any significant peaks between 2 and 50 Hz (e.g. Fig. 32B). Interestingly, we found that depolarization of hilar mossy cells could still produce a robust
decrease in the frequency of these sIPSCs (Fig. 3-2C, E, 34.3 ± 6.04%, n=3, p ≤ 0.05); however,
in this population there was no longer any detectable effect of depolarization on sIPSC amplitude
(Fig. 3-2D, E, 102 ± 2.10% of baseline, n=3, p = 0.36).
Finally, in a third group, cells either failed to show clear increases in sIPSC frequency
(beyond 3 Hz) after bath application of 3 μM CCh or showed transient bursts in activity that
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were not sustained enough to allow for reliable detection of DSI. This group represented the
strong majority (~90%) of all mossy cells examined. Consequently, we also examined the ability
to detect DSI in hilar mossy cells as a transient reduction in the amplitude of evoked IPSCs.
DSI of Evoked IPSCs in Hilar Mossy Cells
Bicuculline sensitive (e.g. GABAA receptor-mediated) evoked IPSCs were generated in the
presence of NBQX and APV at a rate of 0.33 Hz using a bipolar stimulator placed in the hilus.
In the absence of bath applied CCh, depolarization of hilar mossy cells from -70 mV to 0 mV for
5 s transiently reduced evoked IPSC (eIPSC) amplitude by 18.9 ± 5.00% (Fig. 3-3A, n=6,
p<0.01). Interestingly, when DSI was examined in a separate population of mossy cells exposed
to 3 μM CCh, the effect was significantly more robust (Fig. 3-3B, 30.69 ± 3.8% reduction in
baseline, n=13, p<.001). Conversely, we also determined that within a single population of
mossy cells, DSI observed in the presence of 3 μM CCh was significantly reduced by bath
application of 5 μM atropine (from 34.0 ± 1.4% in CCh to 19.2 ± 4.2% following wash-in of
atropine, n=4, p=0.021, paired two sample Student‘s t-test for means, data not shown). In order
to demonstrate that this apparent inhibition of DSI by atropine was not due to rundown, we
tested DSI at ~3 min intervals for at least 45 min in three cells that exhibited robust DSI in the
presence of CCh. Our results indicated that DSI was generally quite stable over this time frame
(e.g. 48 ± 5% reduction, first three sets, 45 ± 5% reduction, last three sets, data not shown).
Because the effect of CCh on DSI of eIPSCs was much more reliable than its effect on sIPSC
frequency and amplitude, further experiments into the mechanism of DSI in hilar mossy cells
relied on evoked responses.
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DSI in Hilar Mossy Cells is Mediated by Calcium Dependent Release of eCBs that Act on
Presynaptic CB1 Receptors
We observed that the magnitude of DSI in hilar mossy cells depends directly on both
depolarization duration and on postsynaptic calcium influx. Specifically, in separate groups of
cells, we measured DSI of 10.3 ± 1.84% following a 0.1 s depolarization, 21.9 ± 2.91%
following a 1 s depolarization, and 30.7 ± 3.8% following a 5 s depolarization (n=8, 9, and 13
respectively, data not shown). Further, we demonstrated that DSI was largely eliminated in cells
that were filled with 10 mM BAPTA via the recording pipette (eIPSC amplitude following
depolarization was reduced by only 2.53 ± 2.08%, n=18, Fig. 3-4A). We also found that there
was no effect of depolarization on the response to rapid local application of exogenous GABA
(100 μM via a picospritzer) in four cells that collectively showed DSI of eIPSCs of 20 ± 3.0%
(data not shown). Cumulatively, these results suggest that calcium dependent release of a
retrograde messenger is involved in DSI as observed in hilar mossy cells, and consistent with
other systems, several lines of experimental evidence implicate eCBs in that role. Specifically,
we found that in a group of mossy cells that showed 30 ± 5.0% reduction in eIPSC amplitude
following a 5 s depolarization to 0 mV, wash-in of AM-251 (a CB1 receptor antagonist) for ≥ 20
minutes produced a statistically significant block of DSI (to 9.0 ± 3%, n=6, p<0.01, Fig. 3-4B).
Similarly, incubation of slices in 5 μM AM-251 prior to whole cell recording completely
eliminated DSI (eIPSC amplitude following depolarization was 100.76 ± 2.08% of control, n=14,
Fig. 3-4C). We also demonstrated that bath application of WIN55,212-2 (5 μM) both reduces
eIPSC amplitude (by 36.4 ± 7.17%, n=4, a value comparable to that transiently produced by a 5 s
depolarization) and completely occludes DSI (Fig. 3-5A).
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Activation of Presynaptic CB1 Receptors Preferentially Inhibits Calcium Dependent
Exocytosis
We next sought to determine whether calcium dependence of exocytosis from GABAergic
afferents to hilar mossy cells predicts sensitivity to CB1 mediated inhibition. As a first approach
we examined the effect of depolarization induced release of eCBs on action potential
independent miniature IPSCs recorded in the presence of 1 μM TTX. Because voltage gated
calcium channels rely upon the depolarization initiated by TTX-sensitive Na+ channels for their
activation, these conditions are expected to dramatically reduce calcium dependent exocytosis.
In order to eliminate false negatives due to failures in retrograde transmission, experiments on
miniature IPSCs were only completed in cells that had previously demonstrated robust DSI of
eIPSCs under normal conditions. In 6 of 8 cases we found that depolarization of hilar mossy
cells (from -70 mV to 0 mV for 5 s) had no significant effect on frequency or amplitude of
miniature IPSCs (mIPSCs) recorded in normal ACSF (frequency: 111.5 ± 12.6% of control,
amplitude: 98.7 ± 2.44% of control, p>0.4 in both cases, Fig. 3-6D). In sharp contrast, in 8 of
11 cases where mIPSCs were tested in ACSF that contained 15 mM KCl and 5 mM CaCl2
(conditions designed to rescue calcium dependent exocytosis) depolarization reduced mIPSC
frequency by 32.9 ± 4.6% without affecting mIPSC amplitude (101 ± 1.59% of control, p<0.01,
p>0.5 respectively, Fig. 3-6D). In fact, in three cells where DSI was examined in all three
conditions, we sequentially observed robust DSI of eIPSCs, followed by no DSI of mIPSCs,
followed by robust DSI of mIPSCs in high KCl and CaCl2. One such series of experiments is
shown in Fig. 3-6A–C.
Although we did observe DSI in 2 of 8 cases in normal media, these cells had notably high
mIPSC frequency than others for these conditions (13.7 ± 3.1 Hz vs. 6.2 ± 2.2 Hz respectively).
Therefore we assessed mIPSC frequency in three cells after a 25 minute wash-in of an external
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solution that contained 0 mM Ca2+, 3.9 mM Mg2+, and 100 μM BAPTA-AM and found it
significantly reduced (e.g. from 7.0 ± 1.4 Hz to 4.1 ± 0.7 Hz, p=0.03 (one tailed), 0.07 (two
tailed), data not shown).
We also tested the ability of bath applied WIN55,212-2 (5 μM) to modulate the frequency
of calcium independent mIPSCs induced by local application of a hypertonic solution (100 mM
sucrose, for previous evidence of calcium independence, see Fatt and Katz, 1952; Rosenmund
and Stevens, 1996; Khvotchev et al., 2000). Specifically, we found that local application of 100
mM sucrose (2 min X ~20 pounds per square inch (psi)) to the surface of the slice just above a
patched hilar mossy cell reliably increased mIPSC frequency to ~500% of control (e.g. to ~20
Hz), and further that this effect was unaltered in a separate population of cells that had been
pretreated with 5 μM WIN55,212-2 for a minimum of 12 min (Fig 3-7A–C). Finally, we
demonstrated that although WIN55,212-2 failed to reduce the frequency of calcium independent
mIPSCs induced by sucrose, it was able to reverse presumably calcium dependent increases in
mIPSC frequency produced by bath applying 10 mM KCl (Fig. 3-7D, E).
Endocannabinoid Mediated Signaling in the Dentate Gyrus is Subject to Tight Spatial
Constraints
A final question of interest was whether eCBs released due to depolarization of one
mossy cell could lead to reduction in transmitter release from GABAergic afferents to nearby
mossy cells. In order to address this question we performed paired whole cell recordings from
14 mossy cells (7 pairs) in which both cells showed robust DSI upon depolarization and in which
the cell somas were located within 100 μm of each other (average: 59 ± 9.4 μm, as calculated in
three dimensional space). In that population, we failed to observe any detectable DSI in the nondepolarized cell in 11 of 14 cases (DSI in depolarized cells was 27.4 ± 4.65%, n=14, while
baseline in non-depolarized cells was reduced by only 4.22 ± 2.75% from baseline, n=11, Fig. 3-
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8B-C). However, in 3 of 14 cases, some DSI was detectable in the non-depolarized cells. In
those 3 pairs, both the distance between cell somas and the extent of DSI observed in the nondepolarized cell varied over a wide range (45.0 μm to 65.2 μm, average 51.8 ± 6.70 μm, and
from 3% to 58%, average 25.6 ± 16.7%, respectively). The most prominent example of this
phenomenon is shown in Fig. 3-8D-E. Nevertheless, across the entire dataset there was no
correlation between the amount of DSI observed in the non-depolarized cell and the somatic
distance between cells (n=14 cells, 7 pairs, p=0.49, somatic distance ranged from 17 to 87 μm).
Further, this correlation remained insignificant when the somatic distance was scaled by the
amount of DSI in the depolarized cell (p=0.27).
Discussion
In the present study we used whole cell recording techniques in acute preparations of the
rat dentate gyrus to examine retrograde transmission initiated by depolarization of hilar mossy
cells. Our results indicate that depolarization of hilar mossy cells produces calcium dependent
release of eCBs that is facilitated by activation of muscarinic acetylcholine receptors. We further
provide specific experiments to indicate endocannabinoids liberated via depolarization of mossy
cells activate presynaptic CB1 receptors on traditional GABAergic afferents, and that this
activation (whether by endogenous or exogenous agonists) preferentially inhibits calcium
dependent exocytosis. We further provide evidence from paired whole cell recordings that
indicates eCB mediated retrograde transmission in this system is subject to tight spatial
constraints. Overall, our results represent just the second example of eCB mediated retrograde
signaling occurring under normal conditions in the dentate gyrus (Isokawa and Alger 2005), the
first formal report of DSI at this synapse, and indeed, the first report of endocannabinoids being
liberated by depolarization of a local circuit neuron in the hippocampus or dentate gyrus
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(although see Howard et al., SFN Abstract 808.11, 2003). There are several areas in which our
results deserve careful comparison to those previously reported in other systems.
The Role of Muscarinic Acetylcholine Receptors in DSI
In early experiments on DSI in area CA1 of the hippocampus, CCh was often employed
because of its ability to increase sIPSC frequency and amplitude (Pitler and Alger, 1992a, b;
Behrends and ten Bruggencate, 1993). DSI of spontaneous IPSCs was almost always absent in
cells that lacked this CCh induced effect and yet DSI of evoked IPSCs was readily apparent,
even in the absence of CCh and presence of atropine (Martin and Alger, 1999). Cumulatively,
those observations led to the conclusion that activation of muscarinic acetylcholine receptors
(mAChRs) was not necessary for DSI per se, but rather allowed easy detection of DSI by
increasing the activity of DSI sensitive (e.g. CB1 positive) interneurons. Implicit in that
conclusion, and strongly supported by immunohistochemical analysis (e.g. Katona et al., 1999;
Tsou et al., 1999), was the suggestion that there exists a clear population of GABAergic afferents
to CA1 pyramidal cells that are CB1 negative.
In the present study, we report robust DSI of large amplitude, high frequency, CCh
induced sIPSCs. These sIPSCs show strong peaks at theta frequencies upon spectral analysis,
and DSI is apparent as a transient reduction in frequency, amplitude, and theta power. However,
while Martin and Alger (1999) report sustained large amplitude CCh induced sIPSCs in > 50%
of CA1 pyramidal cells examined, we see similar activity in < 10% of mossy cells tested. The
mechanism by which CCh increases the amplitude of sIPSCs in these cases is not clear. One
possibility is that CCh causes a dramatic increase in quantal content, while a competing
explanation is that CCh promotes synchronous release from somatic and perisomatic GABAergic
inputs. While we did not perform experiments aimed directly at this question, both early
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speculation and more recent experimental work in area CA1 favors the later hypothesis (Alger et
al., 1996; Reich et al., 2005).
In the present study, we also report DSI of smaller amplitude sIPSCs that lack clear peaks
in the power spectrum at theta frequencies. In these cases DSI is apparent as a transient
reduction in sIPSC frequency, with no detectable change in sIPSC amplitude. While it might be
argued that this represents a new and non-traditional form of DSI expression, it is in fact exactly
what would be predicted from a purely presynaptic effect of eCBs on asynchronous release
events of low quantal content. In that light, it becomes interesting to note that, in contrast to our
results, CCh insensitive presumably non-theta sIPSCs recorded in CA1 pyramidal cells have
generally been reported to be DSI insensitive (Martin and Alger, 1999; Martin et al., 2001).
While the reasons for this apparent difference are not yet entirely clear, immunohistochemical
studies have demonstrated that innervation by parvalbumin immunoreactive terminals, although
present, is much weaker in mossy cells than in traditional hippocampal principal cells, while
innervation by cholecystokinin immunoreactive terminals remains robust (Acsady et al., 2000).
It should be interesting for future studies to begin to examine the resultant differences in CB1
mediated modulation of network activity.
We have further demonstrated that although DSI of evoked IPSCs is apparent in the
absence of cholinergic stimulation, the magnitude of this effect is enhanced by bath application
of 3 μM CCh in an atropine sensitive manner. Based on current data we cannot definitively
determine whether this effect of CCh on DSI of eIPSCs is mediated presynaptically or
postsynaptically. A potential presynaptic mechanism might involve a CCh mediated increase in
the number of DSI sensitive afferents that are recruited by the stimulus; while a postsynaptic
mechanism might involve direct mAChR mediated facilitation of depolarization induced eCB
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release.

While significant further work will be necessary to distinguish between these

possibilities in the current system, significant precedence for the postsynaptic hypothesis is
developing based on recent work in CA1 (Kim et al., 2002; Ohno-Shosaku et al., 2003;
Hashimotodani et al., 2005).
Presynaptic Effects of Endocannabinoids
Although it is clear that activation of CB1 receptors is negatively coupled to exocytosis in
a number of CNS synapses, the precise mechanism by which this occurs has been a matter of
some controversy. Activation of CB1 receptors in cultured hippocampal neurons has been
directly linked to Gi/Go mediated inhibition of N- and P/Q type calcium channels (Twitchell et
al., 1997; Sullivan, 1999). This result has been used to suggest that presynaptic CB1 receptors in
acute CNS preparations may inhibit transmitter release primarily by reducing action potential
mediated calcium influx. Indeed, consistent with that hypothesis, miniature IPSCs (recorded in
the presence of 1 μM TTX) in hippocampal slices have generally been shown to be insensitive to
CB1 activation in normal media, but sensitive to both CB1 agonists and Cd2+ (indicating their
calcium dependence) following bath application of high KCl (Pitler and Alger, 1994; Hajos et
al., 2000; Hoffman and Lupica, 2000; Wilson and Nicoll, 2001). By contrast, endogenous
and/or exogenous CB1 agonists have been shown to inhibit presumably calcium independent
miniature synaptic events in several other brain areas including the cerebellum, nucleus
accumbens, and spinal cord (Llano et al., 1991; Hoffman and Lupica, 2001; Kreitzer and Regehr,
2001b; Morisset and Urban, 2001; Robbe et al., 2001; Diana et al., 2002). Cumulatively, these
data have implied that, contingent on the specific synapse involved, activation of CB1 receptors
may inhibit exocytosis either by reducing calcium influx into the presynaptic terminal and/or via
direct modulation of the release machinery. Our own results in the dentate gyrus indicate that
depolarization induced release of eCBs generally fails to reduce mIPSC frequency in normal
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ACSF, and yet reliably does so in external solution that contains 15 mM K+ and 5 mM Ca2+.
Similarly, we have further demonstrated that WIN55,212-2 fails to reduce robust calcium
independent exocytosis produced by focal application of a hypertonic solution, and yet reduces
the frequency of mIPSCs recorded in the presence of high extracellular K+. These results are
consistent with the conclusion that CB1 receptors on GABAergic afferents to hilar mossy cells
preferentially inhibit calcium dependent exocytosis, but do not directly speak to whether the site
of action is at voltage gated calcium channels and/or downstream of calcium influx. An
important footnote here is that we did observe DSI of mIPSCs in normal ACSF in 2 of 8 cases.
One possible explanation for these outliers is that there is an additional mechanism for CB1
mediated inhibition of calcium independent exocytosis. However, we also noted that mIPSC
frequency could sometimes be reduced in hilar mossy cells by switching to a Ca2+-free external
containing 100 μM BAPTA-AM, suggesting that TTX may not always completely eliminate
calcium dependent exocytosis of GABA. Considered together, these results suggest that the
calcium dependence of mIPSCs in hilar mossy cells most likely predicts their sensitivity to
inhibition by CB1 activation. In that respect, our conclusions parallel those of Yamasaki et al.
(2006), who recently and convincingly demonstrated that the differential sensitivity of miniature
excitatory postsynaptic currents (mEPSCs) vs. mIPSCs in cerebellar Purkinje cells to
WIN55,212-2 in normal (2 mM) Ca2+ can be explained by a previously unnoted differential
Ca2+ dependence of the miniature events.
Spatial Constraints on Endocannabinoid Dependent Signaling
Despite the rapid nature of recent progress, relatively few studies have directly examined
spatial constraints on eCB dependent retrograde signaling. In the cerebellum, strong
depolarization of Purkinje cells has produced clear spread of eCB dependent retrograde signaling
to both inhibitory and parallel inputs to non-depolarized cells (Vincent and Marty, 1993; Kreitzer
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et al., 2002), and yet more selective induction of eCB release has shown exquisite specificity in
retrograde transmission, even within the dendritic tree of a single Purkinje cell (Brown et al.,
2003). In area CA1 of the hippocampus, Wilson and Nicoll (2001) have reported that eCB
dependent retrograde signaling can occur over a range of ~20 μm, and that the extent of
inhibition detectable in non-depolarized cells is strongly correlated with somatic distance from a
depolarized cell. Our results in the dentate gyrus indicate that it is generally quite difficult to
detect spread of eCB dependent signaling between mossy cells with somatic distances between
17 and 87 μm. The fact that all cells in the pairs experiment exhibited robust DSI upon
depolarization eliminates the possibility of CB1 negative afferents masking the spread of eCB
dependent signaling. Although we observed exceptional cases where spread of eCB dependent
signaling clearly affected afferent inputs to a non-depolarized cell, we did not find any clear
correlation between this effect and somatic distance and/or magnitude of DSI. In our view this
suggests that eCB dependent retrograde signaling initiated by depolarization of mossy cells is
likely confined to very small spaces (e.g. ≤ 20 μm). Although this may be functionally
important, experimental detection of spread of retrograde transmission to non-depolarized cells
likely depends on one or more uncontrolled factors such as degree of dendritic overlap.
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Figure 3-1. Depolarization of hilar mossy cells transiently reduces both frequency and amplitude
of CCh induced theta band sIPSCs. Data in panels A-D are all from a single
representative experiment. A) Left: Bath application of 3 μM CCh caused a rapid
increase in sIPSC frequency and amplitude. Right: several minutes later,
depolarization of the mossy cell from -70 mV to 0 mV for 5 s (bar) caused a transient
reduction in both frequency and amplitude of CCh induced sIPSCs. Insets are
averages of 3-6 sIPSCs recorded during the baseline, DSI, and recovery periods,
respectively (see Chapter 2, DSI for details). B) A power analysis of the 1 min of
data prior to depolarization reveals several strong peaks in the theta band. These
peaks were completely absent during the DSI period (data not shown). Average theta
power for this cell during the 1 min preceding depolarization was 50% (see Chapter
2). C-D) Cumulative probability histograms reveal that depolarization of this cell
produced a statistically significant decrease in both frequency and amplitude of
sIPSCs. Events were collected from the baseline and DSI periods. Thick lines in
each histogram represent the baseline period, thin lines represent the DSI period
(p<0.001 in both cases, K-S Test). E) Summary plot indicating the average effect of
depolarization on sIPSC frequency and amplitude in 4 cells that displayed an effect of
CCh as shown in panel A. At least 2-3 sets of DSI were averaged for each cell to get
a representative effect. Every cell tested that exhibited high theta power sIPSCs after
application of CCh showed robust DSI of both frequency and amplitude. A single
asterisk indicates p < 0.05, while a double asterisk indicates p < 0.01 on a two-tailed
paired Student‘s t-Test, n=4.
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Figure 3-2. Depolarization of hilar mossy cells reduces frequency but not amplitude of non-theta
sIPSCs recorded in the presence of 3 μM CCh. Data in panels A-D are all from a
single representative experiment. A) Sample sIPSCs recorded in the presence of 3
μM CCh in a cell where CCh failed to produce large amplitude high frequency theta
band sIPSCs as in Fig. 3-1. Insets highlight the effect of depolarization from -70 mV
to 0 mV for 5 s (bar). B) Power analysis indicating that this cell, as every cell that
lacked a clear CCh effect on sIPSCs, failed to show clear peaks in the theta band. CD) Cumulative probability histograms reveal that depolarization of this cell produced
a statistically significant decrease in sIPSC frequency (p<0.001, K-S Test), with no
change in amplitude (p=0.87, K-S Test). E) Summary plot indicating the average
effect of depolarization on sIPSC frequency and amplitude in 3 cells that lacked an
effect of CCh as shown in panel A, but still had baseline sIPSC frequency of ≥ 3 Hz.
Three sets of DSI were averaged for each cell to get a representative effect. Asterisk
p < 0.05, on a two-tailed paired Student‘s t-Test, n=3.
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Figure 3-3. DSI of evoked IPSCs in hilar mossy cells is enhanced by bath applied CCh. Evoked
IPSCs were generated at a rate of 0.33 Hz using a bipolar stimulator placed in the
hilus. NBQX and APV were present for all experiments. A) In the absence of bath
applied CCh, depolarization of the mossy cell from -70 mV to 0 mV for 5 s (bar)
caused a mild but significant reduction of the mean eIPSC amplitude. B) An identical
depolarization produces significantly greater DSI in mossy cells exposed to 3 μM
CCh. Insets in A-B are averages of 3-6 traces collected during the baseline and
recovery periods, or of the two traces immediately following depolarization for the
DSI period. C) Summary data indicating amount of DSI produced in mossy cells in
the absence and presence of CCh. Third bar shows, for comparison, the amount of
DSI observed in CA1 pyramidal cells in the absence of CCh using identical
techniques. Numbers on the bars are n values. Double asterisks indicate statistical
significance with p < 0.01 on a one sample Student‘s t-test (null hypothesis, mean=0).
Single asterisk indicates two-tailed p value = 0.07, one-tailed p-value = 0.04 on an
unpaired two-sample Student‘s t-test assuming equal variances (F=0.36).
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Figure 3-4. DSI in hilar mossy cells depends on postsynaptic calcium influx and is blocked by a
CB1 receptor antagonist. A) When mossy cells were filled with 10 mM BAPTA
(delivered via the internal solution), eIPSC amplitude following depolarization was
97.5 ± 2.08% of baseline, n=18. B) DSI was significantly reduced by bath
application of 5 μM AM-251. Filled circles indicate magnitude of DSI in a group of
6 mossy cells in control conditions (30 ± 5.0%). Open circles indicate amount of DSI
observed in the same 6 mossy cells following wash-in of 5 μM AM-251, a CB1
receptor antagonist, for ≥ 20 min (9.0 ± 3%). This represents a statistically
significant reduction in the magnitude of DSI (p<0.01 on paired Student‘s t-Test). C)
When slices were pre-incubated in 5 μM AM-251 prior to whole cell recording, DSI
was completely eliminated (average eIPSC amplitude following depolarization was
99.2 ± 1.31% of control, n=14). D) Summary plot indicating the amount of DSI
observed in mossy cells filled with 10 mM BAPTA, mossy cells not exposed to AM251, and mossy cells pretreated with AM-251 (5 μM) prior to whole cell recording.
Insets in A-C are averages of 2-6 individual traces recorded during the times
indicated. In panel B, sample traces for all three periods are overlaid both before and
after wash-in of AM-251.
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Figure 3-5. Bath application of an exogenous CB1 agonist reduces the amplitude of evoked
IPSCs in hilar mossy cells and occludes DSI. A) DSI of evoked IPSCs was
generated in hilar mossy cells once every 3.6 min using techniques and experimental
conditions identical to those in earlier figures. Filled circles represent the normalized
average amplitude for the baseline period; open circles represent the normalized
average amplitude for test period (see Chapter 2). All data are normalized to the
baseline amplitude in the first ‗set‘ of DSI. The upper traces are average eIPSCs for
one representative cell where black traces represent average eIPSC amplitude during
the baseline period, and gray traces indicate average eIPSC amplitude during the test
period. A pair of traces is shown from data collected both before and after treatment
with 5 μM WIN 55,212-2. B) Summary data for this experiment are presented as in
prior figures, n =4.

66

Figure 3-6. Depolarization induced release of endogenous cannabinoids preferentially inhibits
calcium dependent exocytosis. Data presented in panels A-C were all collected
sequentially from a single cell. A) DSI of evoked IPSCs is present, generated as in
earlier figures. Filled circles represent normalized averages from 3 sets of DSI.
Insets are averages of 2-6 individual traces from the indicated period. B) Traces at
the top show representative miniature IPSCs recorded following bath application of 1
μM TTX as observed both before (Base) and immediately after (No DSI) a 5 s
depolarization from -70 mV to 0 mV. A cumulative probability histogram is
presented below the traces to indicate that depolarization did not decrease the
frequency of mIPSCs in this cell. In fact, in this case, a slight, but not significant,
increase was observed (p=0.12, K-S Test). C) Traces at the top show representative
mIPSCs recorded in the same cell after increasing external KCl to 15 mM and
external CaCl2 to 5 mM. Under these conditions, depolarization produced a
significant reduction in mIPSC frequency (p=0.001, K-S Test). D) Summary plot
indicating average affect of depolarization in the conditions described in panels A-C.
Numbers on the bar are n values. Single asterisk indicates p=0.03 on unpaired
student‘s t-Test. Double asterisks indicate p<0.01 on one sample student‘s t-Test
(Null hypothesis, mean=0).
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Figure 3-7. Bath application of WIN55,212-2 preferentially inhibits calcium dependent
exocytosis. A) Application of hypertonic solution (100 mM sucrose, applied via a
picospritzer to the surface of the slice, ~20 psi X 2 min, bars) caused a significant and
reproducible increase in miniature IPSC frequency (App1: 506 ± 104%, App2: 441 ±
68.7%, n=5). B) An identical experiment was performed on a group of mossy cells
pre-treated with 5 μM WIN55,212-2 for a minimum of 12 min (App. 1: 572 ± 113%,
App. 2: 493 ± 106%, n=6). C) Summary plot indicating that there was no significant
difference in the effect of sucrose on mIPSC frequency in the WIN55,212-2 treated
group (dark bars) vs. the control group (white bars) on either the first or second
sucrose application. The effect of sucrose was calculated as the average mIPSC
frequency from 1 to 2 min after starting the sucrose application divided by the
average mIPSC frequency in the 1 min immediately preceding sucrose application.
D) Summary plot indicating that bath applied 5 μM WIN55,212-2 is able to
effectively reverse KCl mediated increases in mIPSC frequency (n=3 out of ~6 tested.
Cells were not included in analysis if 10 mM KCl failed to significantly increase
mIPSC frequency). E) Raw data from a representative experiment recorded in the
presence of 10 mM KCl (but before application of 5 μM WIN55,212-2 (left traces),
and ~25 min after application of WIN55,212-2 (right traces).
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Figure 3-8. Spatial constraints on endocannabinoid mediated signaling in the dentate gyrus. A)
Dual whole cell patch clamp recording was used to monitor DSI of eIPSCs in both a
depolarized cell and a non-depolarized cell simultaneously. Pairs were rejected from
analysis unless both cells showed robust DSI upon (their own) depolarization. B)
Across all pairs examined, average DSI in the depolarized cell was 27.4 ± 4.65%, n=
14 cells, 7 pairs. B) In 11 of 14 cases no DSI was detectable in the non-depolarized
cell (average eIPSC amplitude following depolarization was 95.8 ± 2.75% of control).
C) Summary plot indicating that in most cases, endocannabinoids released by
depolarization of one mossy cell failed to induce DSI of afferent inputs to a nearby
mossy cell. Numbers on the bars are n values. D) Raw data from a single paired
recording indicating an exceptional case where robust DSI in the depolarized cell
clearly produced robust inhibition of afferent inputs to the non-depolarized cell. E)
Summary plot indicating the average amount of DSI observed in both the depolarized
and non-depolarized cell in this pair over three trials (73.0 ± 13.5% and 57.8 ±
21.09%, respectively, See Results for additional information).
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CHAPTER 4
PRESYNAPTIC INHIBITION OF EXCITATORY AFFERENTS TO HILAR MOSSY CELLS2
Introduction
Hilar mossy cells are the only glutamatergic non-principal cells in the hippocampus or
dentate gyrus (Soriano and Frotscher, 1994). Unlike conventional hippocampal principal cells,
hilar mossy cells project largely along the septo-temporal axis of the hippocampus where they
are thought to innervate both dentate granule cells and GABAergic interneurons (Amaral and
Witter, 1989; Schwartzkroin et al., 1990; Buckmaster et al., 1992; Scharfman, 1995; Buckmaster
et al., 1996; Jackson and Scharfman, 1996). They also have a strong contralateral projection, are
extremely sensitive to excitotoxicity, and are strongly implicated in the etiology of temporal lobe
epilepsy (Sloviter, 1991; Bekenstein and Lothman, 1993; Sloviter, 1994; Buckmaster et al.,
1996; Buckmaster and Dudek, 1997; Jefferys and Traub, 1998; Buckmaster and Jongen-Relo,
1999; Ratzliff et al., 2002; Coulter, 2004; Santhakumar et al., 2005).
Mossy cells are believed to receive direct monosynaptic excitatory inputs from both
dentate granule cells and CA3 pyramidal cells (Ribak et al., 1985; Ishizuka et al., 1990;
Frotscher et al., 1991; Penttonen et al., 1997; Coulter, 2004). They are thus largely driven by
axon collaterals of some of the most heavily studied synaptic pathways in the CNS. For
example, the mossy fiber (MF) pathway from dentate granule cells to CA3 pyramidal cells is
well known for its tight spatial localization, strong frequency facilitation, clear sensitivity to
group II metabotropic glutamate receptor (mGluR) agonists, possible role as a ‗detonator
synapse‘, developmental plasticity of transmitter phenotype, and unusual NMDA independent
and presynaptic form of long term potentiation (for review, see Henze et al., 2000; Urban et al.,
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2001; Nicoll and Schmitz, 2005). Collateral projections of mossy fibers to interneuron targets in
CA3 have also been extensively studied, and importantly, have shown both anatomical and
functional differences when compared with mossy fiber inputs to CA3 pyramidal cells (Toth et
al., 2000; Lei and McBain, 2002; Lawrence et al., 2004; Pelkey et al., 2006). Nevertheless, at
present, very little is known about either the physiology or pharmacology of collateral inputs
from either mossy fibers or CA3 pyramidal cells to hilar mossy cells. This represents a notable
gap in the literature as the effect of these inputs on mossy cell function is likely to have profound
consequences for both normal and abnormal hippocampal physiology.
One of the first studies to directly address these questions has recently demonstrated
presynaptic plasticity of isolated mossy fiber inputs to mossy cells (Lysetskiy et al., 2005). The
current study attempts to further efforts in this area by specifically examining both GABAergic
and cholinergic mechanisms for presynaptic modulation of excitatory inputs to hilar mossy cells.
Our results indicate a prominent role for GABAB receptor-mediated inhibition of both MF and
non-MF inputs to hilar mossy cells and also demonstrate both direct (non-MF) and indirect (MF)
mechanisms for cholinergic inhibition. We also provide the first clear demonstration that hilar
mossy cells express high affinity GABAA receptors capable of responding to changes in ambient
GABA and present evidence that in this system, cholinergic changes in ambient GABA are
tightly linked to action potential dependent inhibitory neurotransmission.
Results
Presynaptic GABAB Receptors are Expressed on Mossy Fiber Inputs to Mossy Cells
Miniature excitatory postsynaptic currents (mEPSCS) were recorded in the presence of 1
μM TTX from hilar mossy cells voltage clamped at -70 mV with a CsCH3SO3- based internal
solution. Under these conditions, bath application of baclofen caused a significant reduction in
mEPSC frequency (to 65.9 ± 4.64% of baseline, n=9, p<0.0001, Fig. 4-1C) without affecting
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mEPSC amplitude (99.6 ± 4.26% of baseline, n=9, p>0.05, Fig. 4-1D). This effect of baclofen
was completely abolished by pretreatment with CGP 52432 (frequency: 99.2 ± 12.07% p>0.05,
Fig. 4-1C; amplitude 90.1 ± 6.11%, p>0.05, Fig. 4-1D; n=8). Interestingly, baclofen induced
inhibition of mEPSC frequency was absent when the experiment was repeated in ACSF that
contained 2.5 mM Mg2+, 1 mM Ca2+, and 200 μM Cd2+, conditions designed to further reduce the
probability of observing calcium dependent mEPSCs (frequency: 99.3 ± 12.37%, p>0.05;
amplitude: 100.3 ± 4.95%, p>0.05; n=6, data not shown). These findings clearly suggested that
activation of presynaptic GABAB receptors can reduce transmission from excitatory afferents to
hilar mossy cells, but did little to distinguish which specific glutamatergic inputs were sensitive.
In order to address this question more directly we used minimal stimulation techniques, coupled
with bath or local application of DCG-IV to isolate mossy fiber inputs to hilar mossy cells (see
Chapter 2). We found that bath application of baclofen reduced the amplitude of EPSCs evoked
by minimal stimulation of identified mossy fiber inputs to 9.9 ± 1.37% of baseline (n=14, p <
0.0001, Fig. 4-2B). Consistent with a presynaptic site of action, baclofen also increased the
failure rate of minimally-evoked EPSCs (meEPSCs, see Chapter 2) from 11.3 ± 3.02% to 75.9 ±
4.97%, and increased the coefficient of variation from 0.79 ± 0.09 to 1.36 ± 0.11 (n=14, p <
0.001 in both cases, data not shown). In order to further reinforce the conclusion that
presynaptic GABAB receptors were responsible for baclofen mediated inhibition of mossy fiber
dependent meEPSCS, we also demonstrated that identical application of baclofen had no
significant effect on mossy cell responses to local application of exogenous glutamate (50–200
μM, 96.4 ± 9.7% of baseline, n=10, summarized in Fig. 4-2B).
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Presynaptic GABAB Receptors on Mossy Fiber Inputs to Mossy Cells are Both Sensitive to
Ambient GABA and Tonically Active Under Control Conditions
We found that the amplitude of mossy fiber mediated meEPSCs recorded from hilar mossy
cells in the presence of 50 μM PTX was reduced by bath application of the GABA uptake
inhibitor NO-711 to 40.85 ± 11.49% of baseline levels (n=6, p<0.03; Fig. 4-3B). Further, in 7
out of 9 separate experiments, we found that bath application of 10 μM CGP 52432, also in the
presence of 50 μM PTX, increased the amplitude of mossy fiber mediated meEPSCs to 254.7 ±
33.5% of baseline (n=7, p<0.005, Fig. 4-4B). In both cases, apparent GABAB-mediated
modulation of meEPSC amplitude appeared to be presynaptic in nature. Specifically, concurrent
with NO-711-mediated inhibition of meEPSCs we observed a clear increase in failure rate (from
8.5 ± 4.4% to 22.9 ± 6.43%, n=6, p=0.03, Fig. 4-3C) and a similar increase in coefficient of
variation (from 0.74 ± 0.08 to 1.04 ± 0.11, n=6, p<0.01, Fig. 4-3D). Conversely, CGP 52432mediated increases in meEPSC amplitude were accompanied by a clear decrease in both failure
rate (from 33.3 ± 8.39% to 7.0 ± 3.1%, n=7, p<0.01, Fig. 4-4C) and CV (from 0.99 ± 0.09 to
0.64 ± 0.06, n=7, p<0.01, Fig. 4-4D). Note that in 2 of 9 cases bath application of CGP produced
much milder increases in amplitude (to 110 ± 2.90% of baseline) without consistent changes in
failure rate and CV.
Bath Application of Muscarinic Agonists Produces GABAB Receptor Mediated Inhibition
of Mossy Fiber Inputs to Mossy Cells
We next tested the hypothesis that putative presynaptic muscarinic receptors on mossy
fiber inputs to mossy cells could provide an additional mechanism for presynaptic inhibition of
mossy fiber transmission. Consistent with that hypothesis, we initially found that in 11 of 12
cells tested, bath application of muscarinic agonists (e.g. 3 μM CCh or 5 μM muscarine) reduced
mossy fiber mediated meEPSCs recorded from hilar mossy cells to 52.0 ± 5.69% of baseline
(n=11, p<0.01, data not shown, 1 cell showed no significant change). This effect was
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accompanied by a significant increase in the coefficient of variation from 0.52 ± 0.06 to 0.63 ±
0.07 (n=11, p=0.05, data not shown). To provide further evidence that the observed muscarinic
effect was presynaptic, we demonstrated that bath application of 3 μM CCh failed to inhibit
responses to locally applied exogenous glutamate (100.1 ± 6.74% of baseline, n=9, p>0.5, data
not shown). However, for 6 cells in which application of a muscarinic agonist reduced the
amplitude of mossy fiber mediated meEPSCs to 55.9 ± 6.81%, subsequent application of CGP
52432 completely reversed the effect (e.g. to 108 ± 11.6% of baseline, n=6, p<0.01, Fig. 4-5B).
This result is more consistent with an indirect mechanism of muscarinic inhibition (i.e. one that
does not involve activation of muscarinic acetylcholine receptors (mAChRs) directly on the
terminal); however because previous experiments had indicated that mossy fiber inputs to hilar
mossy cells are subject to tonic inhibition by ambient GABA, we also tested the ability of
muscarinic agonists to inhibit mossy fiber transmission to mossy cells in slices pretreated with
CGP 52432. Under those conditions, no muscarinic inhibition of mossy fiber transmission was
observed and, in fact, a slight but statistically insignificant increase in meEPSC amplitudes was
noted (e.g. to 119.9 ± 21.9%, n=8, p=0.39, data not shown).
Bath Application of Muscarinic Agonists Produces Increases in Ambient GABA that are
Strongly Correlated with Increases in Spontaneous IPSCs.
The data described above clearly implicated presynaptic GABAB receptors on mossy fiber
terminals to mossy cells in muscarinic inhibition of glutamatergic transmission. These
observations raised two interesting questions. First, can hypothetical changes in ambient GABA
produced by bath application of muscarinic agonists be detected by additional means that are not
dependent on mossy fibers? Second, if bath application of muscarinic agonists does indeed
increase levels of ambient GABA, what is the mechanism? We were able to address both of
these questions simultaneously using a recently developed analytical technique that allows
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independent quantification of both tonic and phasic GABAA receptor mediated currents during a
period of high spontaneous activity (see Chapter 2). In brief, mossy cells were voltage clamped
at -70 mV using an internal solution that contained ~60 mM chloride, ionotropic glutamate
receptors were blocked by bath application of NBQX (10 μM) and APV (40 μM) and
spontaneous IPSCs (sIPSCs) mediated by synaptic activation of postsynaptic GABAA receptors
were observed as inward currents. After a 10 minute baseline period, 3 μM CCh was bath
applied, exactly as in previous experiments with meEPSCs (see Fig. 4-6A for sample recording).
In 6 of 10 cells tested, conventional event analysis showed clear and sustained increases in sIPSC
frequency, and in some cases, clear increases in sIPSC amplitude as well (data not shown).
These changes were collectively reflected as an increase in ‗phasic current‘ of 4.29 ± 1.68 pA / 5
s interval (n=6, p=0.05, Fig. 4-6C). This represented an average increase in phasic current to
767.4 ± 280.9% of baseline. Importantly, the CCh induced changes in phasic current were also
accompanied by increases in ‗tonic current‘ to 118.0 ± 5.74% of baseline, corresponding to an
average increase in tonic current of 23.2 ± 4.61 pA (n=6, p<0.005, Fig. 4-6C).
Several lines of evidence suggest that the changes in tonic current observed in this manner
are directly caused by CCh-mediated action potential dependent increases in ambient GABA,
and subsequent activation of high affinity GABAA receptors expressed by hilar mossy cells. For
example, in these same six cells we found that subsequent application of 50 μM PTX restored
tonic current to 97.6 ± 3.14% of baseline levels (Fig. 4-6C), and often reduced phasic current to
below baseline levels (e.g. to 53.7 ± 23.5% of baseline, n=6, p=0.11, Fig. 4-6C). Further, an
analysis of mean change in both phasic and tonic currents (expressed in pA / interval) across all
three experimental conditions revealed an extremely strong correlation between these currents
(R2=0.996, slope=5.48, p=0.002, Fig. 4-6D). Consistent with that result, we also found that in
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the 4 of 10 cells that failed to show sustained increases is sIPSC frequency or phasic current
following bath application of CCh, no significant effect on tonic current was observed (103 ±
5.31% of baseline, p=0.53).
In order to explicitly eliminate possible contributions of postsynaptic mAChRs to observed
CCh-mediated increases in tonic current, we also demonstrated that bath application of CCh
failed to change holding current measured by conventional means under experimental conditions
designed to eliminate most forms of glutamatergic and GABAergic transmission (e.g. in the
presence of 10 μM NBQX, 40 μM APV, 10 μM CGP 52432, 50 μM PTX, 1 μM TTX, and in
ACSF that contained low calcium and high Mg2+ as described in Chapter 2). Specifically, Ihold
following bath application of CCh under those conditions was 100 ± 0.75% of baseline (n=3,
p=0.71, data not shown). Finally, repeating this experiment in the absence of PTX also failed to
restore CCh-mediated effects on holding current in four cells tested suggesting action potential
independent mechanisms likely do not contribute substantially to CCh-mediated changes in
ambient GABA (data not shown).
Non-Mossy Fiber Mediated Excitatory Inputs to Mossy Cells are Directly Inhibited by
Both GABAB Receptors and Muscarinic Acetylcholine Receptors
The nature of the experiments presented in Figs. 4-2 to 4-5 is such that many runs were
completed on isolated inputs that subsequently did not meet the criteria described in Chapter 2 to
be classified as mossy fibers. It is thus potentially informative to compare the results of these
putative non-MF inputs to those described above. Such analysis of these parallel experiments
suggested several similarities and one prominent difference. Specifically, like MF inputs to
mossy cells, putative non-MF inputs were strongly inhibited by baclofen (to 18.2 ± 3.4% of
baseline, n=7, p<0.01, data not shown), and in 2 of 4 cases, showed clear increases in amplitude
following bath application of CGP 52432 (e.g. to 379 ± 72.3% of baseline, data not shown, 2
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cells failed to show robust increases). Further, in 23 of 26 cells, bath application of muscarinic
agonists reduced meEPSC amplitude to 47.0 ± 4.68% of baseline. However, strikingly unlike
MF inputs, putative non-MF inputs to mossy cells failed to demonstrate CGP 52432-mediated
reversal of muscarinic inhibition. Specifically, we tested the ability of CGP 52432 to reverse
inhibition produced by muscarinic agonists in 9 cells where meEPSCs failed to meet criteria to
be categorized as mossy fibers. In those 9 cells, meEPSCs amplitude following application of
muscarinic agonists was 40.6 ± 7.55% of baseline, and this value remained virtually unchanged
(at 40.9 ± 10.8% of baseline, data not shown) following bath application of CGP 52432.
One potential criticism of this analysis is that putative non-MF inputs in these cases often
still showed significant sensitivity to DCG-IV. For example, meEPSCs in the 9 cells described
above that lacked CGP 52432-mediated reversal of muscarinic inhibition were sill reduced to
47.8 ± 5.9% of baseline following bath application DCG-IV. Perforant path inputs to the dentate
gyrus have been reported to have intermediate sensitivity to DCG-IV (Kilbride et al., 1998;
Dietrich et al., 2002; Kew et al., 2002), however this could also simply indicate that some of our
minimally evoked responses had mixed MF and non-MF origin. Therefore, we also tested the
ability of 3-10 μM CCh to inhibit meEPSC amplitudes recorded from mossy cells in slices pretreated with both DCG-IV and CGP 52432. Again, in sharp contrast to the results reported
above for MF inputs, we found that robust inhibition of non-MF inputs was still apparent under
those conditions. Specifically, bath application of 3-10 μM CCh reduced the amplitude of nonMF mediated meEPSCs to 55.4 ± 8.49% of baseline (n=12, p<0.01, Fig. 4-7B). This effect was
also accompanied by a significant increase in failure rate (from 18.8 ± 4.25% to 38.8 ± 7.32%,
n=12, p<0.01) and an average increase in CV (from 0.88 ± 0.06 to 1.07 ± 0.10, n=12, p=0.12).
Finally, we also noted that bath application of baclofen reduced the amplitude of non-MF
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mediated EPSCs in slices pretreated with DCG-IV to 30.8 ± 4.1% of baseline (Fig. 4-7B), also
concurrent with a significant increase in both failure rate (from 19.0 ± 7.26% to 67.0 ± 5.71%)
and CV (from 0.7 to 1.1, n=7, p<0.01 in both cases). Collectively these results strongly suggest
that the majority of all glutamatergic inputs to mossy cells express presynaptic GABAB receptors
that are subject to tonic inhibition by ambient GABA, but that only non-MF inputs also express
presynaptic mAChRs capable of directly inhibiting glutamatergic transmission at the terminal.
Origin of Non-MF Inputs
In addition to MF inputs from dentate granule cells, existing data suggest that mossy cells
may receive glutamatergic input from both the perforant path and from CA3 pyramidal cells
(Kohler, 1985; Ishizuka et al., 1990; Muller and Misgeld, 1991; Scharfman, 1991, 1994a). Our
experiments with minimally evoked EPSCs were designed, first and foremost, to isolate MF
mediated inputs to mossy cells. As such, they are not particularly useful for distinguishing
between various potential sources of non-MF responses. In order to address this question more
directly, we performed a final series of experiments designed to selectively activate excitatory
inputs to hilar mossy cells originating either from the CA3 pyramidal cell layer or from the
perforant path.
Putative inputs from CA3 pyramidal cells to hilar mossy cells were isolated by stimulating
the CA3 pyramidal cell layer with a bipolar stimulator (0.1 ms duration, generally < 100 μA) in
the presence of both DCG-IV and CGP 52432. In 8 of 10 cases CCh produced an atropine
sensitive reduction in EPSC amplitude (specifically to 56.7 ± 7.11 % of baseline in the presence
of CCh, p < 0.001, Fig. 4-7C, recovered to 71.8 ± 9.48% of baseline, p=0.01, within 15 min of
bath application of atropine, 2 cells exhibited atropine insensitive changes in EPSC amplitude).
These data suggest that CA3 inputs to hilar mossy cells, like our non-MF mediated minimally
evoked EPSCs, are directly inhibited by activation of mAChRs. Nevertheless, it is important to
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note that unlike the minimally evoked experiments, these experiments were done in the absence
of PTX in order to reduce bursting in the CA3 pyramidal cell layer. Therefore we also
demonstrated that bath application of NO-711 had no effect on EPSCs generated in hilar mossy
cells under identical conditions (106 ± 16.8% of baseline, n=6, p=0.72). That experiment largely
eliminated the possibility that the CCh mediated inhibition of CA3 evoked EPSCs was produced
by increases in ambient GABA and subsequent activation of presynaptic GABAA receptors.
In sharp contrast, we found that stimulation of the middle to outer perforant path (also in
the presence of DCG-IV and CGP 52432) failed to produce detectable EPSCs in hilar mossy
cells in ~75% of attempts, even when stimulus intensity surpassed 200 μA. This is not likely to
indicate that perforant path inputs to mossy cells have high sensitivity to DCG-IV, first because
previous work has suggested perforant path inputs have intermediate sensitivity to DCG-IV, and
second because identical stimulation frequently produced detectable EPSCs in dentate granule
cells (data not shown). Further, even when small EPSCs were detected in hilar mossy cells
subsequent to stimulation of the perforant path, only minimal sensitivity to CCh was observed
(10.4 ± 0.57%, n=3, p=0.003, data not shown). Cumulatively, these experiments suggest that the
minimally evoked EPSCs of non-MF origin described earlier are more likely to represent
afferent input from CA3 pyramidal cells than from the perforant path.
Discussion
This study represents the first detailed effort to examine the ability of both GABAergic and
cholinergic compounds to modulate glutamatergic transmission to hilar mossy cells. Our results
demonstrate that both mossy fiber and non-MF glutamatergic inputs to mossy cells express
presynaptic GABAB receptors at their terminals that are capable of directly inhibiting glutamate
release. These receptors are tonically activated by ambient GABA in in vitro preparations, and
can be further activated by blockade of GABA transporters. We also report that bath application
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of muscarinic agonists directly inhibits release of glutamate from non-MF inputs while indirectly
inhibiting mossy fiber inputs by driving action potential dependent increases in ambient GABA.
Finally, we demonstrate for the first time that hilar mossy cells express high affinity GABA A
receptors that produce tonic GABAergic currents that are sensitive to changes in the
concentration of ambient GABA.
GABAB-Mediated Inhibition of Miniature EPSCs
We found that bath application of baclofen produces a CGP 52432 sensitive reduction in
the frequency of mEPSCs recorded from hilar mossy cells without changing their amplitude,
strongly suggesting a presynaptic site of action. While this represents the first report of GABABmediated inhibition of excitatory inputs to hilar mossy cells, presynaptic inhibition mediated by
GABAB receptors is quite common in the CNS (for review, see Bowery, 1993). At various
glutamatergic terminals, both calcium dependent (for review, see Misgeld et al., 1995; Dittman
and Regehr, 1997; Takahashi et al., 1998; Chen and Regehr, 2003; Sakaba and Neher, 2003;
Ishikawa et al., 2005), and calcium independent (Jarolimek and Misgeld, 1992; Scanziani et al.,
1992; Capogna et al., 1996; Dittman and Regehr, 1996; Sakaba and Neher, 2003; Kolaj et al.,
2004) mechanisms of GABAB-mediated inhibition have been described. In the present study,
GABAB-mediated inhibition of mEPSCs was largely eliminated in ACSF containing low Ca2+,
high Mg2+, and 200 μM Cd2+. While this does not prove GABAB receptors at these terminals are
directly coupled to calcium channels, it does suggest that GABABR activation preferentially
inhibits a calcium-dependent release process at these synapses. In that regard, our conclusions
are similar to those reported by Lei and McBain (2003) describing GABAB-mediated inhibition
of glutamatergic inputs to stratum radiatum interneurons in area CA3, although in their study,
additional KCl was needed to evoke calcium dependent and baclofen sensitive mEPSCs. By
contrast, Scanziani et al. has reported baclofen mediated inhibition of Cd2+ insensitive mEPSCs
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in CA3 pyramidal cells (Scanziani et al., 1992). Overall, these findings reinforce the conclusion
that the mechanism of GABAB-mediated inhibition can vary substantially from synapse to
synapse, and may even differ, based on postsynaptic target, in collateral synapses from the same
axon.
Another interesting aspect of our results in this area is the implication that mEPSCs
recorded from hilar mossy cells in the presence of TTX in normal ACSF retain significant
calcium dependence. While just the opposite is often assumed to be the case, there is growing
precedent for the idea of calcium dependent exocytosis in the presence of TTX at other synapses.
For example, perfusion of calcium free external containing BAPTA-AM has recently been
shown to eliminate CB1-mediated inhibition of mIPSCs in cerebellar Purkinje cells (Yamasaki et
al., 2006), and to directly reduce mIPSC frequency in a subset of hilar mossy cells (Hofmann et
al., 2006). Consistent with these findings, others have noted a role for presynaptic calcium stores
in promoting spontaneous calcium transients associated with large amplitude mIPSCs (Llano et
al., 2000).
Direct and Indirect Inhibition of Minimally Evoked EPSCs.
The minimal stimulation techniques we used to isolate mossy fiber vs. non-mossy fiber
inputs to hilar mossy cells are very similar to those employed by other labs, and are based on
well recognized features of mossy fiber transmission (Henze et al., 2000; Toth et al., 2000;
Walker et al., 2001; Cossart et al., 2002; Lysetskiy et al., 2005). Our experiments with
minimally evoked EPSCs clearly indicated that MF inputs to mossy cells express presynaptic
GABAB receptors, are subject to tonic inhibition by ambient GABA, lack presynaptic muscarinic
receptors, and yet can be indirectly inhibited by CCh-induced and action potential dependent
increases in ambient GABA. This result complements a very recent report of CCh induced and
yet GABA mediated effects on mossy cell gain (Kerr and Capogna, 2007), and it is also
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generally consistent with previous work on MF inputs to CA3 pyramidal cells. For example MF
inputs to CA3 pyramidal cells also express presynaptic GABAB receptors, and are subject to
tonic inhibition by ambient GABA that is mediated by both GABAB and GABAA receptors
(Hirata et al., 1992; Vogt and Nicoll, 1999; Vogt and Regehr, 2001; Ruiz et al., 2003).
Similarly, although an early study of cholinergic modulation of MF inputs to CA3 pyramidal
cells concluded that they were subject to direct inhibition by presynaptic mAChRs (Williams and
Johnston, 1990), a more recent study revealed an indirect mechanism dependent on GABAB
receptors that is consistent with our findings in the hilus (Vogt and Regehr, 2001). One aspect of
our study not generally available in work on other MF terminal zones is the implication that
levels of ambient GABA around MF terminals in the hilus are tightly coupled to action potential
dependent release of GABA. This conclusion is consistent with studies in developing and
mature cerebellum that showed a clear link between sIPSCs and tonic currents mediated by
ambient GABA (Kaneda et al., 1995; Brickley et al., 1996; Wall and Usowicz, 1997; Carta et al.,
2004). It is also consistent with cell culture studies of both cerebellar and hippocampal neurons
that show TTX-mediated reductions in tonic GABAergic currents (Leao et al., 2000; Petrini et
al., 2004), and with in vitro work in hippocampus directly implicating kainic acid (KA) induced
increases in sIPSCs with GABAA-mediated changes in holding current (Frerking et al., 1999).
Nevertheless, it is clear that action potential independent mechanisms for regulating ambient
GABA have also been implicated in some studies (Wall and Usowicz, 1997; Rossi et al., 2003).
With respect to non-MF inputs to hilar mossy cells, our results mirror previous studies on
the terminal zones for CA3 pyramidal cell axons in indicating direct presynaptic inhibition
mediated by both presynaptic GABAB receptors and mAChRs (Hounsgaard, 1978; Vogt and
Regehr, 2001; De Sevilla et al., 2002; Fernandez de Sevilla and Buno, 2003; Lei and McBain,
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2003). This raises the interesting question of whether the majority of our non-MF mediated
inputs in fact represent collateral projections from CA3 pyramidal cells to hilar mossy cells. On
the one hand, event latency analysis was consistent with that hypothesis in indicating that the
non-MF inputs we observed, like previously identified collateral inputs from CA3 (Amaral,
1978; Schwartzkroin et al., 1990; Frotscher et al., 1991; Scharfman, 1994b), are likely to synapse
on more distal dendrites of hilar mossy cells than MF inputs. On the other hand, our experiments
with meEPSCs were not directly designed to distinguish putative CA3 inputs from other types of
non-MF mediated responses. Therefore, in order to address that question more directly, we
examined responses in mossy cells that were evoked by direct stimulation (with a bipolar
stimulator) of the CA3 pyramidal cell layer and the perforant path. Our results indicated that,
like our minimally evoked non-MF mediated population, EPSCs evoked in mossy cells by direct
stimulation of CA3 are inhibited by bath application of CCh, even in the presence of DCG-IV
and CGP 52432. Although these experiments were done in the absence of PTX, increases in
ambient GABA mediated by NO-711 failed to produce comparable inhibition of these CA3
evoked EPSCs. In sharp contrast, most mossy cells failed to show detectable responses to
stimulation of the perforant path under identical conditions, although granule cells were still
responsive. Further, those mossy cells that did exhibit small EPSCs in response to perforant path
stimulation lacked robust inhibition by CCh. Cumulatively these data suggest that our non-MF
mediated and minimally evoked EPSCs are indeed more likely mediated by collateral inputs
from CA3 than from the perforant path. Nevertheless it must be noted that we cannot as yet
explicitly rule out a contribution of mossy cell inputs to other mossy cells, although previous
work has suggested that granule cells and molecular layer interneurons are likely the primary
targets of mossy cell axons (Wenzel et al., 1997).

83

A final interesting question with regard to our non-MF mediated minimally evoked EPSCs
is why they lacked any evidence of indirect inhibition mediated by GABAB receptor activation.
Given our results with mossy fibers, and the clear expression of GABAB receptors on non-MF
terminals, at least a partial reversal of mAChR mediated inhibition of non-MFs might have been
expected. Since changes in ambient GABA responsible for indirect inhibition of MF inputs are
highly action potential dependent, we expect that spatial factors most likely account for this
apparent discrepancy. If that were the case, we would predict that synapses from mAChR
expressing interneurons are likely to terminate on more proximal dendrites of hilar mossy cells,
where they would be closer to MF than to non-MF inputs. Nevertheless, based on present data,
we cannot explicitly rule out the possibility that presynaptic GABAB receptors on non-MFs have
lower sensitivity to changes in ambient GABA than those on MFs, or the possibility that GABAB
and mAChR dependent inhibition of non-MFs share a common presynaptic signaling pathway
and thus can fully or partially occlude one another.
In summary, our results have examined several specific mechanisms that modulate
glutamatergic transmission to hilar mossy cells, and have identified clear differences between
two primary types of excitatory afferents. We believe that further studies into specific
mechanisms that regulate mossy cell excitability will be necessary to develop a more complete
understanding of hippocampal function and dysfunction ranging all the way from memory
consolidation to epileptogenesis.
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Figure 4-1. Baclofen reduces mEPSC frequency without affecting amplitude. A) Cumulative
probability histogram (CPH) for a sample cell. 10 μM baclofen significantly
increased the interevent interval of miniature EPSCs (baseline IEI: 179.5 ± 4.31 ms;
baclofen IEI: 328.2 ± 10.92 ms; p<0.001, K-S test) with only a negligible change in
amplitude (baseline amplitude: 43.3 ± 0.89 pA; baclofen amplitude: 41.4 ± 1.22 pA,
data not shown). B) CPH for a sample cell pretreated with 5 μM CGP 52432.
Baclofen had no significant effect on mEPSC interevent interval (p=0.06, K-S test) or
amplitude (p=0.05, K-S test, data not shown). Insets: consecutive 2 s intervals during
either the baseline or after 6 min of baclofen wash-in. C) Summary graph of baclofen
effect on frequency. Baclofen significantly reduced mEPSC frequency (34.1 ±
4.64%, n=9, p<0.0001) while pretreatment with 5 μM CGP 52432 completely
blocked this effect (0.8 ± 12.07%, n=8, p>0.05). D) Summary graph of baclofen
effect on amplitude. Baclofen did not significantly affect the amplitude in either
control conditions (0.4 ± 4.26% reduction from baseline, n=9, p>0.05) or
pretreatment with 5 μM CGP 52432 (9.9 ± 6.11% reduction from baseline, n=8,
p>0.05).
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Figure 4-2. Baclofen blocks meEPSCs from isolated mossy fiber terminals via presynaptic
GABAB receptors. A) Effect of 10 μM baclofen in a representative cell. A 10 s local
application of 1 μM DCG-IV completely blocked meEPSCs (1.8 ± 0.7% of baseline).
Following recovery from local application of DCG-IV, bath application of 10 μM
baclofen reduced meEPSC amplitude to 10.4 ± 1.0% of baseline. During the baclofen
washout, meEPSC amplitude showed considerable recovery (to 68.3 ± 4.9% of
baseline). Insets: Individual traces from the relevant periods are shown in grey, with
the average trace overlaid in black. B) Summary graph comparing baclofen effect on
MF meEPSCs and exogenous glutamate spritz. Cells treated with DCG-IV either
before or after baclofen were pooled and showed significant inhibition by the GABAB
agonist (90.1 ± 1.37%, n=14, p<0.0001). By contrast, baclofen failed to inhibit
exogenously applied glutamate (50 – 200 μM; 3.6 ± 9.7% block, n=10).
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Figure 4-3. Presynaptic GABABRs on MF terminals respond to increases in ambient GABA. A)
Single cell recording shows that bath application of 1 µM NO-711 reversibly
depressed average meEPSC amplitude, strongly suggesting that ambient GABA
directly inhibits mossy fiber inputs. Insets: Individual traces from the relevant
periods are shown in grey, with the average trace overlaid in black. B) Summary
graph of effects of NO-711 and DCG-IV on meEPSCs. In 6 cells, NO-711
significantly inhibited meEPSC amplitude (to 40.9 ± 11.49% of baseline, p<0.03)
while subsequent DCG-IV treatment further reduced the amplitude (to 13.2 ± 2.01%
of baseline, p<0.01). C-D) Summary plots for the effect of NO-711 on failure rate
and CV. Connected points represent data from a single cell. In 6 cells, NO-711
significantly increased the average failure rate (from 8.5 ± 4.4% to 22.9 ± 6.43%,
n=6, p=0.03) and coefficient of variation (from 0.74 ± 0.08 to 1.04 ± 0.11, n=6,
p<0.01).
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Figure 4-4. Mossy fiber inputs to mossy cells are subject to tonic inhibition by ambient GABA,
mediated through GABAB receptors. A) Effects of 10 μM CGP 52432 and 1 μM
DCG-IV in a representative cell. CGP 52432 significantly increased the average
meEPSC amplitude (to 211.4 ± 14.29% of baseline) and decreased the failure rate (0
failures in CGP 52432). Subsequent bath application of DCG-IV reduced meEPSC
amplitude by 95.6 ± 1.9%, and significantly increased the failure rate (to 75.5%),
suggesting the responses resulted from mossy fiber stimulation. Insets: Individual
traces from the relevant periods are shown in grey, with the average trace overlaid in
black. B) Summary graph of CGP 52432 effect on meEPSCs. In 7 of 9 cells, CGP
52432 significantly increased meEPSC amplitude (to 254.7 ± 33.5% of baseline,
p<0.005) while DCG almost completely blocked all meEPSCs (10.8 ± 2.0% of
baseline, p<0.005). Error bars indicate SE. C-D) Summary plots for the effect of
CGP 52432 on failure rate and CV. Connected points represent data from a single
cell. CGP 52432 significantly reduced the average meEPSC failure rate (from 33.3 ±
8.39% to 7.0 ± 3.1%, n=7, p<0.01) and coefficient of variation (from 0.89 ± 0.09 to
0.58 ± 0.06, n=7, p<0.01).
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Figure 4-5. Muscarinic inhibition of mossy fibers is reversed by a selective GABABR
antagonist. A) Single cell recording shows that bath application of 5 µM muscarine
decreased meEPSC amplitude. This effect was reversed by 10 µM CGP 52432,
implying that muscarinic receptors indirectly inhibit neurotransmitter release from
mossy fibers. Insets: Individual traces from the relevant periods are shown in grey,
with the average trace overlaid in black. B) In 6 cells, muscarinic agonists (5 μM
muscarine or 3 μM CCh) reduced average meEPSC amplitude (to 55.9 ± 6.81% of
baseline) while 10 CGP 52432 µM reversed this effect (to 108 ± 11.6% of baseline,
p< 0.01). Bath application of 1 µM DCG-IV significantly reduced meEPSC
amplitude (to 14.7 ± 1.86% of baseline, p<0.05).
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Figure 4-6. CCh induced increases in sIPSCs produce significant increases in GABAA mediated
tonic inhibition of hilar mossy cells. A) Sample current trace from a mossy cell
treated with carbachol and picrotoxin. Shortly following the initial CCh (3 μM)
application, a sudden, dramatic increase in both sIPSC frequency and amplitude was
observed. The effect on sIPSCs was accompanied by a negative shift in the holding
current. Both phenomena were reversed by application of 50 μM PTX. Note: data
clipped to allow for visualization of changes in both phasic and tonic currents. B)
Effects of CCh and PTX on tonic (black dots) and phasic (white dots) currents in the
same sample cell calculated as described in Chapter 2. Bath application of 3 μM CCh
significantly increased both tonic and phasic currents (by 15.81 pA and 3.3 pA,
respectively; p<0.001 in both cases) while 50 μM PTX significantly reversed these
effects (p<0.001 in both cases). C) Summary graph of effects of CCh and PTX on
phasic (white bars) and tonic (black bars) currents. In 6 of 10 cells, CCh significantly
increased the phasic current (by 4.29 ± 1.68 pA from baseline, p=0.05) while PTX
reversed this effect (-0.65 ± 0.27 pA from baseline, p>0.05). CCh also significantly
increased the tonic current (by 23.2 ± 4.61 pA from baseline, p<0.005) while PTX
reversed this increase (-4.91 ± 4.76 pA from baseline, p>0.05). Error bars indicate
SE. D) Average changes in tonic current were plotted against changes in phasic
current for each condition and fit by linear regression. The calculated slope is 5.48
with R2=0.996, p=0.002, indicating a strong correlation between phasic and tonic
currents across all three experimental conditions.
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Figure 4-7. Non-MF inputs to mossy cells express both GABABRs and mAChRs. A) In a
representative cell pretreated with PTX (50 µM), CGP 52432 (10 µM), and DCG-IV
(1 µM), bath application of 3 μM CCh reduced the average meEPSC amplitude while
bath application of atropine (5 µM) rescued meEPSCs to near baseline levels. Insets:
Individual traces from the relevant periods are shown in grey, with the average trace
overlaid in black. B) Summary plot of independent effects of muscarinic and
GABAB receptor activation observed in 12 cells. White bars: Bath application of
CCh (3-10 µM) reduced the average meEPSC amplitude (55.4 ± 8.49% of baseline,
n=12, p<0.01) while atropine (5 μM) partially but significantly reversed this effect (to
79.4 ± 13.4%, n=12, p=0.02). Grey bar: In a separate group of 7 cells pretreated with
PTX (50 µM) and DCG-IV (1 µM), bath application of baclofen (10 µM)
significantly reduced the average meEPSC amplitude (30.8 ± 4.1% of baseline,
p<0.0001). C) Summary plot indicating that CA3 evoked EPSCs recorded from hilar
mossy cells in the presence of DCG-IV and CGP 52432 were significantly reduced by
bath application of 3 μM CCh, yet no similar effect was produced by bath application
of NO-711 in 6 separate experiments.
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CHAPTER 5
METABOTROPIC GLUTAMATE RECEPTOR MEDIATED ILTD OF GABAERGIC
AFFERENTS TO HILAR MOSSY CELLS
Introduction
The brain‘s ability to modify synaptic strength is fundamental to its development as well
as its capacity for creating and storing new memories. Presynaptic receptors are ideally placed to
directly impact a cell‘s influence over its postsynaptic targets. A multitude of receptor types are
expressed at various synapses throughout the brain, either augmenting or diminishing transmitter
exocytosis. Presynaptic GABA receptors, both ionotropic GABAARs and metabotropic
GABABRs, are present at terminals throughout the brain and their activation generally reduces
neurotransmission (Eccles et al., 1963; Axmacher et al., 2004; Vigot et al., 2006). Extracellular
(ambient) GABA acting at these receptors can establish an inhibitory tone, affording those
terminals a bi-directional response to fluctuations in the ambient GABA concentration. In the
hippocampus, mossy fiber axons of the granule cells express presynaptic GABAARs (Ruiz et al.,
2003). We have previously shown that, in the hilus of the dentate, mossy fibers as well as nonMF glutamatergic axons express presynaptic GABABRs but that only those receptors on the
mossy fiber collaterals contacting mossy cells are responsive to endogenous ambient GABA.
Further, the source of this ambient GABA appears to be a class of hilar interneurons that express
somatic muscarinic acetylcholine receptors (Nahir et al., 2007). Activation of these receptors
creates synchronous membrane oscillations and firing patters in these neurons (Reich et al.,
2005; Hofmann et al., 2006). This hyperactivity leads to excess GABA spilling out of the
synaptic cleft and an overall increase in the extracellular GABA concentration (Nahir et al.,
2007).
Endocannabinoids (eCBs) regulate neurotransmission in the CNS primarily via
retrograde activation of the presynaptic type 1 cannabinoid (CB1) receptor (Katona et al., 1999;
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Wilson et al., 2001; Kawamura et al., 2006). Depending on the duration of CB1R recruitment,
eCBs can affect either a short term or long term synaptic depression. The most commonly
observed short term presynaptic plasticity – depolarization induced suppression of inhibition –
generally occurs due to a transient rise in postsynaptic intracellular calcium (eCBdepol) and
subsequent eCB production and signaling (Wilson and Nicoll, 2001; Brenowitz and Regehr,
2003; Foldy et al., 2006; Hofmann et al., 2006). By contrast, CB1R-mediated long term synaptic
depression arises when eCBs are produced via activation of postsynaptic group I metabotropic
glutamate receptors (mGluRs; eCBmGluR) (Ohno-Shosaku et al., 2002; Chevaleyre and Castillo,
2003; Piomelli, 2003; Maejima et al., 2005). We have previously demonstrated that hilar mossy
cells can produce eCBdepol that results in depolarization-induced suppression of inhibition (DSI)
at a subset of their GABAergic afferents. In particular, eCBs preferentially inhibit those same
hilar interneurons whose activity synchronizes (in the theta band) following activation of somatic
mAChRs (Hofmann et al., 2006).
Since hilar eCB signaling can modulate activity in those interneurons responsible for
maintaining extracellular GABA, we questioned whether mossy cells could affect an enduring
change in the ambient GABA concentration. Transient inhibition of CB1R+ interneurons due to
DSI, however, is clearly inadequate at altering the temporal concentration of extracellular
GABA. Alternatively, eCBmGluR, which has been shown to induce LTD at inhibitory terminals
(iLTD) in areas such as the amygdala, cerebellum, striatum, and area CA1 of the hippocampus
(Azad et al., 2004; Chevaleyre and Castillo, 2004; Chevaleyre et al., 2006; Safo et al., 2006;
Volk et al., 2006; Adermark and Lovinger, 2009), could modify ambient GABA levels by
reducing recurrent GABA exocytosis. Therefore, we tested the ability of mossy cells to produce
eCBmGluR and whether pharmacological activation of this pathway could lead to hilar iLTD. We
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found that mossy cells could produce eCBmGluR, primarily through activation of mGluR1, and
prolonged eCB signaling led to selective iLTD of CB1R+ hilar interneurons. In contrast with
iLTD from other areas, we also uncovered an apparent endogenous activation of this iLTD
system.
Results
Metabotropic Glutamate Receptor Activation Induces iLTD in the Hilus
Identified hilar mossy cells were voltage clamped at -70 mV with a CsCH3SO3- based
internal containing ~60 mM chloride. Our lab has previously demonstrated that mossy cells are
capable of producing eCBs that transiently inhibit a subset of GABAergic afferents (Hofmann et
al., 2006). We questioned whether inhibitory inputs were also susceptible to other forms of
retrograde, eCB-mediated plasticity. The group I mGluR agonist DHPG has been shown to
induce mGluR-dependent LTD of inhibitory synapses (iLTD) via retrograde eCB signaling in
area CA1 (Chevaleyre and Castillo, 2003). To test for a DHPG-mediated eCB dependent LTD
in the hilus, we used a concentric bipolar electrode to elicit evoked inhibitory postsynaptic
currents (eIPSCs; 0.33 Hz) from hilar interneurons (see Methods). In 6 cells tested, treatment
with DHPG induced a robust acute inhibition followed by a prolonged depression (DHPG: 64.6
± 5.57%, p<0.01; LTD: 73.9 ± 3.33%, p<0.01; Fig. 5-1A, D).
A recent report identified a dependence of eCBmGluR on prior activation (―priming‖) of the
eCB production pathway (Edwards et al., 2008). To prevent any inadvertent priming, we tested
for the presence of DSI at the end of each experiment. Allowing at least 20 minutes for DHPG
clearance, the muscarinic receptor agonist carbachol (CCh, 3 μM) was washed into the slice to
facilitate testing for DSI, after which we observed robust DSI in 5 cells tested (25.6 ± 7.09%
inhibition, p<0.05, Fig. 5-1B, D; we were unable to test for DSI in one cell).
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Hilar iLTD Requires Endocannabinoid Signaling
To determine the extent of eCB signaling in this mGluR dependent LTD, we used minimal
stimulation to isolate individual DSI+ and DSI- GABAergic afferents. Since hilar mGluR LTD
did not appear to require priming, we tested for DSI prior to treatment with DHPG in all
subsequent experiments. In six cells, DSI- minimally evoked IPSCs (meIPSCs) showed no
response, either acute or long-term, to DHPG treatment (DSI: 2.0 ± 3.47% inhibition; DHPG:
114.8 ± 9.42%; washout: 102.8 ± 13.72%; p>0.1; Fig. 5-2A, C). Conversely, DSI+ meIPSCs
(39.3 ± 5.84%, n=10, p<0.01; Fig. 5-2B, D) exhibited both significant acute and long-term
reductions following DHPG application (DHPG: 66.7 ± 4.02%, p<0.01; washout: 81.5 ± 7.09%,
p<0.05; n=10; Fig 2B, D). Interestingly, in three of ten DSI+ afferents, DHPG failed to produce
a long-term inhibition of meIPSCs (109.9 ± 3.69%, p>0.1) while the remaining seven afferents
showed LTD comparable to that observed with bulk stimulation (69.3 ± 4.82%, p<0.01).
The eCB system was further tested, first using the selective CB1R antagonist AM251. For
the experiment presented in Fig. 5-3, cells were incubated with AM251 (5 μM) for a minimum of
20 minutes prior to DHPG application. Depolarization failed to induce any DSI in 6 cells tested
in the presence of AM251 (-5.1 ± 3.90%, p<0.1; Fig. 5-3A, C). In line with this result, treatment
with DHPG failed to produce any inhibition meIPSCs (DHPG: 105.8 ± 11.18%, n=6; washout:
95.5 ± 7.30%, n=4; p>0.5; Fig. 5-3B, C).
Since we could not rule out the possibility of recruiting only CB1R- afferents in the
presence of AM251, CB1R knockout mice and their wild-type cousins were used to confirm the
role of CB1R activation during DHPG-mediated inhibition. Similar to treatment with AM251,
CB1-/- mice exhibited no DSI (-2.9 ± 4.08% inhibition, n=13, p=0.5; Fig. 5-4A, C) and only very
slight DHPG-mediated inhibition (DHPG: 90.1 ± 3.44%, p<0.05, n=13; washout: 111.0 ±
16.39%, p>0.5, n=7; Fig. 5-4B, D). CB1+/+ mice, on the other hand, exhibited similar DSI of
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meIPSCs (58.9 ± 6.01% inhibition, p<0.01, n=5; Fig. 5-4A, C) compared to DSI+ afferents
isolated in rats and showed an acute DHPG inhibition followed by a slight but statistically
insignificant long term depression (DHPG: 68.3 ± 3.59%, p<0.01; washout: 91.5 ± 6.10%,
p>0.1; n=5; Fig. 5-4B, D). Cumulatively, these results suggest that DHPG mediated iLTD in the
hilus relies on retrograde eCB signaling acting at presynaptic CB1 receptors.
Spontaneous Glutamate Release Leads to Endogenous Occlusion of Hilar iLTD
Both mGluR1 and mGluR5 have been shown to elicit eCB LTD in different brain regions;
therefore, we sought to determine whether one or both of these group I metabotropic glutamate
receptors were involved in our hilar iLTD. DHPG was applied in the presence of the selective
antagonists LY367385 (LY; 100 μM, mGluR1) or MPEP (4 μM, mGluR5). While neither drug
significantly affected baseline meIPSC amplitudes (LY: 98.8 ± 5.83%, n=5; MPEP: 102.5 ±
5.47%, n=8; p>0.05; Fig. 5-5A, C), only LY prevented DHPG from inhibiting meIPSCs
(DHPG+LY: 92.5 ± 10.80%, p>0.05; DHPG+MPEP: 58.9 ± 3.30%, p<0.01; Fig. 5-5). The
levels of DSI, tested before application of either antagonist, did not differ significantly from
control (pre LY: 40.2 ± 8.10%; pre MPEP: 32.6 ± 3.77%, p>0.05 for both compared to control;
Fig. 5-5A, C).
Recently, Heifets, et al. (2008) demonstrated that presynaptic activity regulates iLTD of
CA1 interneurons in response to mGluR activation. Initially, we sought to determine whether
hilar iLTD showed the same dependence on presynaptic calcium. A low concentration of TTX
(10 nM) has been shown previously to significantly reduce presynaptic action potential
propagation, thereby preventing spontaneous rises in terminal calcium while still allowing for
stimulation induced neurotransmission (Liu et al., 2004; Heifets et al., 2008). In our hands,
however, 10 nM TTX failed to change the average sIPSC frequency (control: 19.6 ± 2.11 Hz,
n=9; TTX: 25.3 ± 2.32 Hz, n=8; p>0.05) or amplitude (control: 68.5 ± 13.67 pA, n=9; TTX: 68.3
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± 7.34 pA, n=8; p>0.05) observed prior to isolation of meIPSCs (Fig. 5-6A). While the level of
DSI only slightly increased (48.6 ± 5.29% inhibition, n=8, p>0.05 compared to control; Fig. 56B, C), surprisingly DHPG caused a much more robust acute inhibition followed by a
significantly enhanced iLTD (DHPG: 48.4 ± 6.07%; LTD: 59.1 ± 7.07%; n=8, p<0.05 in both
cases compared to control; Fig. 5-6B, C). A slightly higher concentration of TTX (30 nM)
significantly reduced both the frequency and amplitude of spontaneous IPSCs (sIPSCs; freq: 9.6
± 2.27 Hz, p<0.01; amp: 28.4 ± 2.95 pA; p<0.05; n=7; Fig. 5-6A) but also prohibited sustained
activation of meIPSCs.
To explain the striking difference of iLTD between control and 10 nM TTX without an
obvious effect on sIPSCs, we hypothesized that basal spontaneous glutamate release might
occlude the effect of DHPG via low level activation of postsynaptic mGluR1, thus reducing both
acute and long term reductions in meIPSCs. If true, this would suggest that low TTX might
preferentially reduce spontaneous excitatory postsynaptic potentials (sEPSCs). We tested this
hypothesis in two ways. First, we looked for a relationship between the level of sEPSCs
observed at the beginning of either the control or 10 nM TTX experiments and the corresponding
level of acute DHPG inhibition. In control conditions, we observed a significant inverse
correlation between the average sEPSC amplitude and the level of DHPG mediated inhibition
(Pearson‘s r: -0.779, adjusted R2: 0.551, p=0.013; n=9; right panel, Fig. 5-7A). A similar link
was observed when sEPSCs were preferentially filtered for large events (i.e. > 35 pA) (Pearson‘s
r: -0.673, adjusted R2: 0.375, p<0.05; n=9; left panel, Fig. 5-7A). Together, these results
indicated that the spontaneous activity observed at the beginning of an experiment should
directly predict the efficacy of DHPG. Two sample cells are shown in Fig. 5-7B, with sample
current traces showing the amount of spontaneous activity and the insets showing the ability of
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DHPG to inhibit the corresponding meIPSCs. As is clearly evident, DHPG is much less
efficacious in the cell with higher sEPSC activity. By contrast, both of these correlations were
disrupted in experiments with 10 nM TTX (amp: Pearson‘s r: 0.593, adjusted R2: 0.244, p>0.1;
freq: Pearson‘s r: 0.576, adjusted R2: 0.221, p>0.1; n=8, Fig. 5-7C). The sample cells in Fig. 57D demonstrate that spontaneous activity no longer predicts the inhibitory effects of DHPG.
Second, we examined directly the effect of 10 nM TTX on isolated sEPSCs. In 6 cells tested in
the presence of the GABAAR antagonist PTX (50 μM) and CCh (3 μM, to replicate sIPSC
conditions), 10 nM TTX produced a significant reduction in sEPSC frequency (79.3 ± 0.07%,
p<0.05; Fig. 5-8B) without affecting the amplitude (98.5 ± 0.44%; Fig. 5-8B).
Discussion
In the current study, we have demonstrated a form of synaptic plasticity that can
significantly alter how hilar mossy cells integrate excitatory and inhibitory signals. Specifically,
pharmacological activation of group I mGluRs induces both an acute and long lasting depression
of GABAergic signaling to mossy cells in a CB1R-dependent manner. Unlike iLTD observed in
other brain areas, the hilar iLTD system appears to be endogenously activated at a low level by
the large amount of spontaneous glutamate released from excitatory terminals contacting mossy
cells.
Endocannabinoid Production via mGluR Activation
Endogenous cannabinoids are known to modulate synaptic transmission in response to
either increases in postsynaptic calcium or activation of postsynaptic group I metabotropic
glutamate receptors (Kreitzer and Regehr, 2001a; Wilson and Nicoll, 2001; Hofmann et al.,
2006, 2008). While calcium-sensitive eCB production occurs via the diacyl glycerolphospholipase Cβ pathway, the eCB production pathway in response to group I mGluR
activation is less clear (Varma et al., 2001; for review, see Chevaleyre and Castillo, 2003; Freund
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et al., 2003; Maejima et al., 2005; Edwards et al., 2006). We have demonstrated that
pharmacological activation of mGluRs on hilar mossy cells produces a CB1R dependent
reduction in GABAergic transmission, similar to that observed in other brain areas, including the
amygdala (Azad et al., 2004), cerebellum (Galante and Diana, 2004), striatum (Maccarrone et al.,
2008; Adermark and Lovinger, 2009), and CA1 region of the hippocampus (Chevaleyre and
Castillo, 2003; Edwards et al., 2006). Although treating slices with LY367385 prevented DHPG
from producing a significant reduction in meIPSC amplitude, a small inhibition was still
observed, suggesting that while the mGluR1 receptor subtype likely predominates on mossy
cells, mGluR5 may be present in small quantities or play a minor role in producing eCBs.
Recently, Edwards et al. (2008) reported that eCBmGluR in area CA1 requires ―priming‖
of the Ca2+-dependent eCB production pathway, even though eCBmGluR appeared to bypass both
the diacyl glycerol lipase and phospholipase Cβ steps. In contrast to CA1, we observed no
dependence of DHPG-mediated eCB production on prior somatic depolarization, suggesting
mossy cells do not require priming of the eCBdepol pathway for eCBmGluR. However, the high
degree of spontaneous activity commonly observed in mossy cells in vitro may cause them to be
intrinsically primed for eCBmGluR. This represents an intriguing possibility particularly in light of
the apparent occlusion observed under normal experimental conditions. If the level of
spontaneous activity is indicative of the amount of basal glutamate released in vivo, then eCBs
may play an especially important role in sculpting hilar network activity.
Role of Hilar iLTD
LTD at inhibitory synapses due to eCBmGluR (iLTD) was initially described in the
basolateral amygdala in response to low frequency stimulation (LFS) (Marsicano et al., 2002)
and later, using high frequency stimulation (HFS), in stratum radiatum of area CA1 in the
hippocampus (Chevaleyre and Castillo, 2003). Such stimulation causes bolus glutamate release
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that activates dendritic mGluRs, mobilizes eCB production, and leads to prolonged retrograde
activation of CB1Rs and alterations in presynaptic release machinery (Chevaleyre et al., 2007;
Heifets et al., 2008). We report that hilar mossy cells are capable of inducing a similar eCBmGluR
LTD of inhibitory, CB1R+ synapses. The interneuron terminals susceptible to iLTD are the same
that 1) undergo DSI and 2) modulate the level of hilar ambient GABA (Nahir et al., 2007). The
second point is particularly noteworthy since MF inputs to mossy cells are selectively sensitive
to changes in ambient GABA while other, non-MF glutamatergic terminals are not. Since
eCBmGluR leads to a significant reduction in evoked GABA release, it is not unlikely that a
parallel reduction in spontaneous GABA release occurs. If this is true, iLTD may very well be
capable of modulating ambient GABA and thus MF transmission to mossy cells. Further studies
will be necessary to determine if and to what extent iLTD impacts hilar glutamatergic signaling.
Endogenous Occlusion of Hilar iLTD
In their study of CA1 iLTD, Heifets et al. (2008) showed that stratum radiatum
interneurons require a basal level of terminal Ca2+ in order to induce iLTD. Although we
initially used 10 nM TTX to address this same question in the hilus, the failure of TTX to reduce
spontaneous GABA release prevented us from determining to what extent presynaptic activity
affects hilar iLTD. However, one important difference between the experimental conditions
used in this study and those used in CA1 was the presence of the muscarinic agonist carbachol.
Carbachol has often been used to enhance both interneuron firing and eCBdepol (Kim et al., 2002;
Ohno-Shosaku et al., 2003; Reich et al., 2005); in the hilus, the large mAChR mediated increase
in sIPSC frequency likely overwhelmed the ability of such a low concentration of TTX to
prevent action potential propagation. While unable to reduce CCh-enhanced sIPSCs, 10 nM
TTX significantly increased both the acute DHPG inhibition and subsequent LTD. One possible
explanation is that such a low concentration of TTX increased the terminal membrane resistance;
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such an increase then might cause a greater calcium influx in response to an action potential
invasion, leading to better transduction of the presynaptic CB1R signal and ultimately better
iLTD.
Although we cannot rule out this possibility, a more likely scenario (as supported by our
current data) is that 10 nM TTX is more efficacious at reducing sEPSCs than sIPSCs and that, by
reducing spontaneous glutamate release, treatment with TTX removed an endogenous system
occluding our ability to induce DHPG mediated iLTD. In support of this hypothesis, we found
that 10 nM TTX produced a slight but significant reduction in isolated sEPSCs, even in the
presence of CCh. Furthermore, we found an inverse correlation between the level of sEPSC
activity and subsequent DHPG mediated acute inhibition. When treated with low TTX, this
correlation broke down, suggesting that TTX was hindering the ability of spontaneous glutamate
to affect eCBmGluR. A possible source for this occlusion is glutamate spillover from synaptic
terminals that activates extrasynaptic mGluR1. In line with this, we found that the frequency of
large (> 35 pA) sEPSCs was also inversely correlated with the level of acute DHPG inhibition.
Such large amplitude events may indicate 1) that the release site is very close to the soma and 2)
that the synaptic event is likely multiquantal and includes multiple active zones releasing
transmitter simultaneously. Both of these features are characteristic of mossy fiber transmission
to mossy cells, suggesting that mossy fiber neurotransmission may be responsible for
endogenous activation of mGluR1 and subsequent occlusion of eCBmGluR. However, more
detailed work will be necessary to determine the exact source of glutamate responsible for
occluding iLTD.
Strikingly, in most brain areas where eCBmGluR has been reported, LTD of excitatory
synapses (eLTD) appears to be much more prevalent than iLTD (Watabe et al., 2002; Chevaleyre
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and Castillo, 2003; Azad et al., 2004; Safo and Regehr, 2005; Safo et al., 2006; Volk et al., 2006;
Centonze et al., 2007; Sergeeva et al., 2007). The paucity of iLTD from other parts of the brain
is particularly surprising given the ubiquitous expression of CB1R at GABAergic terminals
throughout the brain (Tsou et al., 1998). The underlying reasons for these differences remain
unclear. While some areas in which iLTD has been observed, such as area CA1 of the
hippocampus, exhibit organized, overlapping glutamatergic and GABAergic innervation (Amaral
and Witter, 1989), others like the amygdala do not (Sah et al., 2003). However, in CA1,
eCBmGluR had a sphere of influence ~20 μm in diameter (Chevaleyre and Castillo, 2004),
suggesting a relatively close proximity of excitatory and inhibitory terminals is necessary to
overcome the limited diffusion distance of eCB and allow for endogenous, heterosynaptic iLTD.
Initial attempts to induce eCBmGluR in mossy cells using exogenous stimulation rather than
pharmacological manipulation were unsuccessful, though given the relatively disorganized
nature of hilar innervation to these cells, a lack of stimulator-induced eCBmGluR is perhaps not
surprising (Scharfman and Schwartzkroin, 1988; Frotscher et al., 1991; Scharfman, 1994a). In
typical hippocampal slice preparations, mossy fiber axons extend only two to three hundred
microns into the hilus before they are severed (Ruiz et al., 2003). Given the focal nature of
minimal stimulation (and even bulk stimulation with a bipolar electrode) in conjunction with the
lack of intact axons, it is likely very difficult to activate many glutamatergic afferents forming
clustered synapses on proximal portions of the mossy cell dendritic tree. This does not mean,
however, that coordinated activation of granule cells in vivo, for example, could not mobilize
eCB production through concentrated glutamatergic transmission. Moreover, the presence of an
endogenous mechanism occluding iLTD seems to indicate that in fact this system exists and is in
use naturally within the hilus. A better understanding of the spatial distribution of granule cells
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in the dentate blade whose axon collaterals impinge on specific mossy cells will be necessary to
determine whether concentrated granule cell excitation can induce iLTD.

Figure 5-1. Activation of group I mGluRs inhibits eIPSCs to hilar mossy cells. A) Application
of the group I mGluR agonist DHPG (50 μM) caused an acute inhibition of eIPSCs
(0.2 Hz) to hilar mossy cells followed by a long term depression (iLTD). IPSCs were
evoked using a bipolar stimulator placed between the mossy cell and the dentate
gyrus. B) Average DSI time course (n=5) of eIPSCs (0.33 Hz) to mossy cells. A
brief (5 s) depolarization of hilar mossy cells produced robust DSI of eIPSCs that
lasted ~30 s. C) Averaged traces from a sample experiment in which DHPG
produced robust acute and long term depression and subsequent depolarization led to
transient DSI. D) Summary graph illustrating the inhibitory effects of DHPG on
eIPSCs (left panel). The right panel shows individual cell responses to treatment with
the mGluR agonist. In general, eIPSCs exhibited robust inhibition with only a
moderate washout. Numbers on bars are n values.
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Figure 5-2. DHPG selectively inhibits CB1R+ hilar interneurons and induces eCBmGluR LTD
at these synapses to mossy cells. IPSCs were elicited using a monopolar electrode
(meIPSCs) at 0.33 Hz for DSI, 0.5 Hz for DHPG application. A) Sample CB1Rinterneuron showing no DSI following a 5 s depolarization of the hilar mossy cell.
Application of 50 μM DHPG had no effect on meIPSCs. B) Sample CB1R+
interneuron demonstrating robust DSI and significant acute DHPG inhibition
followed by iLTD. Insets for both A and B are averaged sweeps from following time
periods: DSI sets (Base = 8 sweeps immediately preceding depol; DSI = 2 sweeps
immediately succeeding depol; Rec = final 8 sweeps); DHPG test (Base = 3 minutes
preceding DHPG application; DHPG = final 3 minutes of DHPG application;
Washout = final 3 minutes (17-20) at end of DHPG washout). C) Summary graph
showing lack of DSI and subsequent inability of DHPG to inhibit meIPSCs (left
panel). Right panel shows individual cell responses to treatment with DHPG. With
one exception, cells showed no inhibition (and slight potentiation) in response to
DHPG treatment. D) Summary graph showing co-expression of DSI, acute DHPG
inhibition, and iLTD (left panel). Right panel shows individual cell responses. All
DSI+ cells responded with acute DHPG inhibition while 7 of 10 showed robust iLTD
as well.
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Figure 5-3. Blockade of CB1R by AM251 prevents eCBmGluR-mediated depression of meIPSCs.
A) Sample cell demonstrating lack of DSI in the presence of AM251 (5 μM). B) In
the same cell, AM251 prevented 50 μM DHPG mediated inhibition of meIPSCs.
Insets (A and B): average traces from relevant time periods for sample cell. C)
Summary graph showing lack of DSI and DHPG induced inhibition (both acute and
long term) in the presence of AM251.

105

Figure 5-4. CB1R knockout mice are unaffected by DHPG while wild type cousins maintain
their DHPG sensitivity. A) Sample DSI sets from a CB1R-/- mouse (top) and
CB1R+/+ mouse. Insets: average traces from corresponding sample cells for both DSI
and DHPG treatments. B) From the same cells shown in panel A, DHPG has no
effect on CB1R-/- meIPSCs while mGluR activation induces an acute inhibition of
CB1R+/+ meIPSCs. C) As expected, CB1R-/- mice do not express DSI while meIPSCs
from CB1R+/+ mice show significant inhibition following mossy cell depolarization.
D) Summary graphs showing relative DHPG sensitivity. Top: DHPG produced a
small but significant reduction in meIPSCs from CB1R-/- mice. Bottom: meIPSCs
from CB1R+/+ mice exhibited strong short-term and a small, though statistically
insignificant sensitivity to mGluR activation.
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Figure 5-5. Metabotropic glutamate receptor type 1 (mGluR1) mediates eCBmGluR in hilar mossy
cells in response to treatment with DHPG. A) Treatment with the mGluR1 antagonist
LY367385 (100 μM) prevents DHPG mediated inhibition. Sample cell shows robust
DSI but no response to DHPG in the presence of LY367385. B) Summary graph
showing DSI but lack of DHPG effect. C) Unlike LY367385, the mGluR5 antagonist
MPEP (4 μM) fails to block the effect of DHPG. A sample cells also shows robust
DSI as well as acute and long term inhibition following treatment with DHPG. D)
Summary graph showing DSI and maintenance of inhibition with DHPG. iLTD in
this case was present but not significant (p=0.12). Insets (A and C): average traces
from relevant time periods including baseline prior to drug treatments.
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Figure 5-6. 10 nM TTX enhances iLTD without affecting sIPSCs. A) In the presence of 3 μM
CCh, 10 nM TTX failed to change the sIPSC frequency (a slight increase was
observed) or amplitude while 30 nM TTX produced a significant reduction in both
(bottom summary graphs). Top 3 panels are sample current recordings from three
separate voltage clamped (-70 mV) mossy cells in the three different conditions. As
is evident, 10 nM TTX is unable to reduce CCh-enhanced sIPSCs. Although 30 nM
did reduce sIPSC activity, it also prevented the acquisition of stable, sustained
meIPSCs. B) Sample cell showing robust DSI and enhanced acute DHPG inhibition
and iLTD in the presence of 10 nM TTX. C) Top panels are average meIPSCs from
sample cell in B taken from relevant time periods. Bottom left summary graph shows
slight increase of DSI efficacy in the presence of TTX. Bottom right graph shows
statistically significant enhancement of both short and long term DHPG mediated
inhibitions compared to control conditions.
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Figure 5-7. Spontaneous glutamate release occludes DHPG mediated inhibition. A) Correlation
plots demonstrating inverse relation between initial sEPSC frequency and amplitude
(from beginning of each experiment) and corresponding acute inhibition of meIPSCs
by DHPG. Average sEPSC amplitude showed a very strong inverse correlation
suggesting that more endogenous glutamate predicts less effective DHPG. B) Two
sample cells showing relation between sEPSC activity and DHPG efficacy. DHPG is
much more effective at inhibiting meIPSCs in quiet cell than in cell with much more
afferent activity. C) Correlation plots (as in A) for experiments with 10 nM TTX.
Spontaneous EPSC data were gathered prior to treatment with 10 nM TTX. In this
case, low TTX disrupted the correlation between sEPSC activity (for both frequency
and amplitude) and DHPG efficacy. D) Sample cells from TTX data set showing that
differences in activity do not predict ability of DHPG to inhibit meIPSCs. Note: for
the frequency-DHPG correlation plots in panels A and C, sEPSCs were high pass
filtered at 35 pA.
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Figure 5-8 10 nM TTX preferentially inhibits sEPSCs. A) Sample current traces from cell
demonstrating reduction in sEPSC frequency by 10 nM TTX. TTX was applied in
the presence of 3 μM CCh in an effort to mimic as closely as possible conditions
under which TTX failed to inhibit sIPSCs. Right two panels are cumulative
probability histograms for interevent interval and amplitude of the same sample cell.
B) In 6 cells, 10 nM TTX significantly reduced (by 20%) sEPSC frequency without
affecting average amplitude. Right two panels show effect of TTX on total number
of events (per measurement period) and average amplitude for each cell.
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CHAPTER 6
CONCLUSION
Summary and Discussion
The hippocampus is an incredibly complex, important structure in the mammalian brain.
Its unique anatomical architecture and laminar coordination of activity affords the hippocampus
significant computational power, a tool necessary for its central role in memory processing.
Such a high level of activity, however, can easily lead to electrical instability, a feature that can
result in epileptic seizures. In fact, the hippocampus has been determined as one of the primary
foci for seizure generation in temporal lobe epilepsy, one of the most common forms of the
disease. In particular, mossy cells of the hilar region below the dentate appear to play a central
role in the etiology of temporal lobe epilepsy (TLE) – their loss and/or dysfunction may lead
directly to excessive electrical activity escaping the dentate region and spreading to the
hippocampus and beyond. The dearth of research focused on general mossy cell physiology is
surprising given their role in TLE and general susceptibility to excitotoxic death in conjunction
with their ability to coordinate granule cell activity in distant regions of the dentate.
Understanding the mechanisms that control mossy cell excitability may provide valuable new
insights into seizure generation and offer new therapeutic targets for epilepsy treatment. Since
presynaptic changes in neurotransmission can profoundly affect activity in the postsynaptic cell,
the primary goal of this dissertation was to enhance the current state of knowledge regarding
mechanisms regulating synaptic signaling from neurons innervating mossy cells.
While many different systems exist to modulate neurotransmission from the presynaptic
terminal, we were primarily interested in the role of presynaptic GABA receptors and retrograde
endocannabinoid (eCB) signaling. The initial study, presented in Chapter 3, demonstrated the
ability of mossy cells themselves to regulate their afferent activity via the endocannabinoid
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signaling system. Retrograde eCB signaling has recently become a very popular area of study
and although depolarization-induced suppression of inhibition (DSI) has been described
elsewhere in the hippocampus and brain as a whole, this research represents the first
demonstration of eCB signaling in the hilar region of the dentate.
Pioneering studies involving eCB signaling and DSI often used muscarinic acetylcholine
receptor (mAChR) agonists or endogenous acetylcholine release to enhance spontaneous activity
in interneurons (Pitler and Alger, 1994; Wilson and Nicoll, 2001). Depolarization of
interneurons by muscarinic agents generally leads to a very robust and reproducible increase in
spontaneous inhibitory postsynaptic current (sIPSC) frequency, making DSI more readily
observable. Unlike other areas of the hippocampus, activation of hilar muscarinic receptors only
occasionally led to increased spontaneous activity. Of those instances when carbachol
successfully enhanced interneuron firing, we observed two distinct effects: an increase in sIPSC
frequency or an increase in both frequency and amplitude. We attributed a rise in frequency
alone to augmented asynchronous release from interneurons while enhanced frequency and
amplitude was likely due to synchronous GABAergic signaling. As expected, the asynchronous
sIPSCs were generally smaller than synchronous events (although both were larger than sIPSCs
in the absence of CCh). The reasons for a lack of synchrony in some cases (or no effect of
muscarinic signaling at all) are unclear but one possibility is that the lack of effect is an artifact
inherent in the experimental design. The nature of slice physiology – discrete, disconnected
segments of brain tissue – probably imparts certain limitations on the phenomena observable by
the experimenter. If true, such an attribute may explain the unreliable effects of muscarinic
agonists on hilar circuitry. For instance, some GABAergic neurons contain the innate ability to,
when driven by muscarinic receptors, synchronize oscillations in their membrane potentials in
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the absence of ionotropic glutamate receptor signaling (Reich et al., 2005). However, this
synchronicity likely relies on a threshold level of network connectivity that may be compromised
in the slice preparation.
For those exceptions when robust synchronous release was observed, spontaneous activity
was coupled to the theta frequency band, one of a few important frequency ranges observed in all
animals. In particular, theta is generally associated with two distinct behavioral states: free
moving exploration and random eye movement (REM) sleep (Henze and Buzsaki, 2007). Theta
oscillations are common to the hippocampus as a whole but the fact that muscarinic receptor
activation caused these oscillations to appear is especially interesting in light of the fact
muscarinics are also capable of enhancing calcium dependent eCB production (and hence DSI).
Though the mechanisms for this enhancement have yet to be worked out in the hilus, they are
likely very similar (if not identical) to the well described cascade that occurs following mAChR
activation in other brain areas, such as CA1 and the cerebellum (Kim et al., 2002; Ohno-Shosaku
et al., 2003). Regardless of how muscarinics enhance DSI, the fact that the same signaling
molecule may play a dual role in the hilus could have profound implications for both hilar and
general hippocampal network activity.
Hilar interneurons can be grouped based on a number of different features, in this case
whether they express the type 1 cannabinoid (CB1) receptor at their axon terminals.
Immunohistochemical evidence from later studies directly supports our conclusion that only a
subpopulation of hilar interneurons is CB1R+ (Katona et al., 1999; Tsou et al., 1999). Along
with this target specificity, endocannabinoid signaling is subject to tight spatial constraints (~20
μm) (Wilson and Nicoll, 2001) that, given the diffuse nature of mossy cell dendrites, would
imply that hilar eCBs should generally affect only afferents to a single cell. While this was

113

usually the case, a few instances clearly demonstrated the ability of eCBs released from one
mossy cell to significantly inhibit GABAergic afferents impinging on a neighboring mossy cell.
While Chapter 3 deals exclusively with regulation of inhibitory GABAergic transmission
via retrograde eCB signaling, Chapter 4 focuses on control of glutamatergic signaling, in this
case through modulation of ambient GABA. Although the majority of GABAergic signaling is
associated with fast phasic inhibition, ambient GABA and tonic inhibition are now recognized as
important tools for adjusting the average release rate of terminals over a long time. Accordingly,
we searched for presynaptic GABA receptors at glutamatergic terminals impinging on hilar
mossy cells. We found that, in the hilus, both mossy fiber axons and non-mossy fibers
(composed primarily of recurrent axons from CA3 pyramidal cells) express presynaptic
metabotropic GABAB receptors whose activation efficiently reduces vesicular exocytosis from
these terminals. Pharmacological blockade of GABA transporters artificially elevated the
concentration of extracellular GABA, selectively reducing transmitter release from MF
terminals. Interestingly, blockade of GABAB receptors in normal conditions (i.e. without
artificially elevated ambient GABA) produced a robust increase in MF signaling to mossy cells.
When considered together, these data suggest that 1) mossy fibers are selectively sensitive to
increased extracellular GABA and 2) an ambient GABA tone is normally present in the
hippocampus at a sufficient level to create a tonic inhibition of hilar mossy fibers (likely even
greater in the intact brain than observed in our tissue slice preparation). The fact that the basal
ambient GABA concentration is enough to partially inhibit mossy fiber exocytosis suggests that
these terminals are capable of and primed for a bi-directional change in neurotransmission
mediated by changes in ambient GABA.
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The body of work presented in Chapter 4 is in fact the result of two initially independent
projects coalescing through a common mechanism. While searching for presynaptic GABAB
receptors, we also sought to confirm the presence of putative mAChRs on hilar glutamate
terminals (Williams and Johnston, 1990; but see, Vogt and Regehr, 2001). Even as we verified
the presence of muscarinics on non-MF synapses to mossy cells, blockade of the GABAB
receptor system demonstrated that inhibition of MFs by putative mAChRs was actually the result
of indirect inhibition via alteration of ambient GABA. These results imply that muscarinic
signaling is capable of affecting glutamatergic neurotransmission in the hilus through very
different mechanisms and likely disparate time scales. Presynaptic mAChRs on non-MF
terminals may allow faster, more transient changes in glutamate release from these sites; indirect
inhibition of MF synapses by way of ambient GABA, although slower, may be more enduring
than direct presynaptic inhibition.
Since muscarinic signaling clearly affected the ambient GABA concentration, how was
this change achieved? And further, what is the primary source of extracellular GABA?
Although other studies have addressed the second question, the answer is still a matter of debate.
Since somatic mAChRs are capable of depolarizing hilar interneurons, we posited that overdrive
of these interneurons led to a spillover of synaptically released GABA that bound GABAB
receptors on nearby MFs. Using the mossy cells as sensors for ambient GABA, we clearly saw
increased synaptic release driven by muscarinic activation and observed a concomitant tonic
current carried by extrasynaptic GABAA receptors. Further analysis of these data revealed a
strong correlation between the changes in phasic and tonic currents, indicating that GABA
spillover was responsible for changing the level of ambient GABA and likely plays a significant
role in setting the overall extracellular GABA concentration.
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Ambient GABA‘s role in the hilus is still unclear; one possibility is that the inhibitory tone
provides a constitutively active regulatory mechanism for preventing over-excitation of the
mossy cells. Specifically, many of the spontaneous excitatory events recorded in mossy cells are
thought to originate from the large mossy fiber boutons. If true, in the absence of an inhibitory
tone mossy fiber terminals might release substantially more glutamate than normal, creating a
standing depolarization in the mossy cells. With mossy cells already susceptible to
excitotoxicity, such a depolarized state could put the hilar network in a precarious position and
ultimately lower the seizure threshold for the hippocampus as a whole.
An underlying theme in both Chapters 3 and 4 is the occurrence of Ca2+-dependent
neurotransmission in the presence of tetrodotoxin (TTX), the voltage gated Na+ channel blocker.
TTX has long been employed as a way to isolate action potential independent release events
(miniature IPSCs, mIPSCs). Miniature IPSCs have usually been assumed Ca2+ independent;
however, our results that both CB1Rs and GABABRs selectively reduced Ca2+ dependent release
clearly add to a growing body of evidence that suggests spontaneous Ca2+ dependent exocytosis
can occur without the necessity of an action potential from the soma. The need for both calcium
dependent and calcium independent spontaneous neurotransmission in the absence of somatic
drive (i.e. action potentials) is unclear. One possibility is that constant contact in the form of AP
independent release maintains synaptic stability without significant metabolic cost, required for
AP generation and propagation, to the presynaptic cell.
The importance of the work presented in Chapters 3 and 4 should not be undervalued.
Both ambient GABA and DSI represent two potent, independent mechanisms for regulating
neurotransmission to mossy cells. Data and ideas in Chapter 5, built on the following hypothesis
and observations, embody a first attempt to link these two independent systems together with an
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eye towards demonstrating how mossy cells might regulate their own glutamatergic afferents. In
designing this project, previous data from our lab exposed a biphasic effect of eCB signaling at
glutamate terminals to mossy cells – an initial depression of neurotransmission (depolarizationinduced suppression of excitation, DSE; qualitatively very similar to DSI) followed by a more
robust potentiation. Given that presynaptic CB1Rs inhibit neurotransmission, the initial decrease
in glutamate signaling seemed likely to mimic DSI; the mechanism responsible for increasing
glutamate release, on the other hand, was elusive at best. Another project from our lab, along
with recent histological studies (Katona et al., 2006; Monory et al., 2006), demonstrated the
presence of CB1 receptors on glutamate terminals in CA3; the distribution of these receptors
together with our own pharmacology and electrophysiology studies indicated that mossy fibers in
stratum lucidum were devoid of CB1R expression while recurrent CA3 axons both expressed
CB1R and were sensitive to short term eCB plasticity (DSE) (Hofmann et al., 2008).
With these data in mind and because MFs and recurrent CA3 axon collaterals make up the
bulk of glutamatergic inputs to hilar mossy cells, we set out to explain the potentiation of
sEPSCs. One possible explanation is that an eCB-mediated reduction of GABA release leads to
a disinhibition of glutamate transmission, specifically from mossy fibers, played out as a
potentiation of sEPSCs. Careful examination of the data presented in Chapters 3 and 4 provided
motivation for this hypothesis and work presented in Chapter 5 represents a first step in testing it.
As mentioned, recurrent axon collaterals from CA3 pyramidal cells express the CB1 receptor at
their terminals while mossy fibers do not. Thus, mossy fibers are more likely than CA3 axons to
be responsible for the increased glutamate release in the presence of endocannabinoid signaling.
Since MFs are selectively regulated by ambient GABA and mossy cell-based eCB signaling can
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reduce GABA transmission, endocannabinoids might be capable of affecting the level of ambient
GABA, thereby altering mossy fiber neurotransmission.
Clearly, the transient nature of DSI precludes it from significantly impacting the overall
extracellular GABA concentration. Rather, a long term reduction of GABA release is probably
required. Nevertheless, with an appropriate induction mechanism, endocannabinoids are able to
generate long-term depression (LTD) of exocytosis in other brain regions (Chevaleyre and
Castillo, 2003; Centonze et al., 2007; Sergeeva et al., 2007). Specifically, postsynaptic group I
metabotropic glutamate receptors (mGluRs) recruit excitatory G proteins that stimulate a
calcium-independent (and thus prolonged) eCB production, leading to longer activation of CB1
receptors. This extended CB1R activity results in intraterminal changes that reduce vesicular
release probability; at inhibitory terminals, this phenomenon is known as iLTD. While we have
yet to show that an eCB-mediated reduction in GABA release will cause a decrease in the
ambient GABA concentration, this point is moot without the presence of iLTD at these
terminals. Therefore, the experiments presented in Chapter 5 were motivated by the question of
whether CB1R+ interneurons impinging onto mossy cells can express iLTD.
High frequency stimulation of glutamate axons has been shown to induce iLTD elsewhere
in both the hippocampus and brain (Chevaleyre and Castillo, 2003; Azad et al., 2004; Chevaleyre
and Castillo, 2004; Volk et al., 2006). However, the jumbled nature of hilar architecture, diffuse
mossy cell dendritic tree, and sheer number of granule cells (each with a low probability of
contacting a specific mossy cell) make stimulated focal glutamate release a difficult prospect
indeed. Yet pharmacological treatment with both agonist and antagonists revealed the presence
of a postsynaptic group I mGluR (specifically mGluR1) that, upon activation, was capable of
producing endocannabinoids. Further, only CB1R+ interneurons responded to this activation by
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expressing both an acute and long term depression, as demonstrated both by pharmacological
blockade of the eCB signaling system as well as genetic manipulation to remove the CB1
receptor from the brain entirely.
Recent studies have delved deeper into the nature of iLTD and found, among other things,
that the CB1 receptor produces iLTD through a calcium-dependent signaling cascade
(Chevaleyre et al., 2007; Heifets et al., 2008). A number of different methods have been
employed to reduce presynaptic calcium, including lowering extracellular calcium, treating the
tissue with a membrane permeant fast calcium chelator (to prevent calcium from activating
intracellular pathways), and using low concentrations of TTX to partially block voltage gated
sodium channels (Liu et al., 2004; Heifets et al., 2008). This last technique hinders action
potential propagation leading to less calcium change in the presynaptic terminal.
Our efforts to dampen presynaptic calcium increases by using a low concentration of TTX
provided some surprising results. In fact, rather than preventing iLTD induction (as reported
elsewhere), low TTX enhanced hilar iLTD. That low TTX failed to inhibit iLTD at all is
perhaps not entirely surprising; throughout the experiments presented in Chapter 5, the tissue
was constantly perfused with carbachol, the same muscarinic agonist responsible for
depolarizing and driving interneurons. Consequently, low TTX did not reduce the initial sIPSC
frequency and only slightly reduced the overall level of presynaptic activity present during these
experiments, but not to a level expected to significantly alter action potential propagation and
subsequent presynaptic calcium influx. However, the mechanism by which iLTD increased is
unclear. One possibility is that by partially blocking voltage gated sodium channels, low TTX
effectively increased the membrane resistance (Rm) of the presynaptic axon and terminal. This
increase in Rm might prevent some basal shunting, thus causing those action potentials that do
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propagate all the way from soma to synapse to be more effective at raising intraterminal calcium
via voltage sensitive calcium channels.
Alternatively, low TTX might produce enhanced iLTD by removing endogenous occlusion
of this mechanism. Since these experiments were performed in the presence of ionotropic
glutamate receptor antagonists, the effect of low TTX on glutamate exocytosis is difficult to
assess. However, separate experiments demonstrated a slight but significant reduction in sEPSC
frequency. Furthermore, both the initial sEPSC average amplitude and the average frequency for
large sEPSCs (i.e. < 35 pA) measured at the beginning of control experiments were inversely
correlated with the ability of DHPG to produce eCB mediated inhibition; treatment with low
TTX, on the other hand, disrupted these correlations. Under normal conditions (i.e. without
TTX), blockade of the ionotropic glutamate receptors might lead to a higher basal binding of the
mGluRs. Treatment with low TTX may then free up more mGluR binding sites by reducing
basal glutamate release, thus facilitating DHPG mediated eCB production and CB1R activation.
In line with this hypothesis, DHPG produced significantly more inhibition, both acute and long
term, in the presence of low TTX. Since G-protein signaling cascades are amplified many times
over, this change in acute inhibition could be sufficient to induce a much more robust iLTD.
While we found it difficult to generate endogenous iLTD via exogenous stimulation (rather than
pharmacological manipulation), the fact that endogenously released glutamate appeared to
occlude iLTD could very likely indicate that this mechanism is already employed by the
hippocampus at a low background level.
In area CA1, iLTD of stratum radiatum interneurons reduces postsynaptic inhibition,
lowering the threshold for long-term potentiation (LTP) induction at the Schaffer Collateral –
CA1 synapse (Chevaleyre and Castillo, 2004). Unlike the traditional LTP expressed at that
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synapse, mossy fiber LTP is expressed presynaptically (although postsynaptic LTP at MF
synapses has been reported in CA3). If hilar iLTD does play a role in reducing ambient GABA
and thereby preferentially enhancing neurotransmission from mossy fibers onto mossy cells,
these disinhibited synapses may be more likely to undergo LTP. Since granule cells act as a
relay for the majority of information into the hilus from the perforant path, strengthening of the
mossy fiber – mossy cell synapses could alter how that information is integrated and eventually
propagated throughout the hilar and dentate networks. Alternatively, too much excitatory
activity might drive the endogenous production of eCBmGluR that, on top of a background
eCBmGluR tone, could act as a seizure generator by increasing excitation of mossy cells.
Perspectives and Future Studies
Hilar circuitry results in sparse connectivity between granule cells and mossy cells. In
general, while mossy cells receive many excitatory inputs, each mossy fiber only contacts a very
few mossy cells during its traversal of the hilus. This may be particularly important since
granule cells themselves very likely receive convergent innervation from many different
entorhinal inputs. While neighboring granule cells do not generally share postsynaptic mossy
cell targets, the extensive axonal branching by perforant path projections in the molecular layer
of the dentate may result in granule cells with shared postsynaptic targets receiving common
presynaptic input. Consequently, novel information (presumably representing a new
environmental experience) from the entorhinal cortex may diverge across the entire dentate gyrus
but could ultimately converge again onto specific subpopulations of mossy cells. With hilar
interneurons oscillating in the theta band, a sudden convergence of excitatory input to certain
mossy cells could lead to DSI or iLTD, resulting in a temporary or more permanent disruption of
interneuron activity and thereby allowing those mossy cells to coordinate general dentate activity
based on the novel entorhinal signal. The ability of mossy cells to direct this harmonization
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might dramatically impact how well a novel experience is propagated through the hippocampus
and ultimately encoded as a new memory.
We currently lack the detailed knowledge of the dentate to credibly identify which granule
cells target specific mossy cells. This deficit is particularly glaring considering we have yet to
identify an endogenous induction mechanism for iLTD. With the development of new
electrophysiological tools, such as light activated ion channels (i.e. channelrhodopsins) (Zhang et
al., 2006; Berndt et al., 2009) and voltage sensitive dyes (Kee et al., 2008), researchers may soon
be able to visualize and control the activity of discrete neuronal populations. The exquisite
control these techniques provide, in conjunction with the knowledge gained from studies like
those presented in this dissertation, could eventually allow researchers to ask and answer
questions such as what effect directed, biologically relevant excitatory input has on overall
network activity. Since phenomena such as DSI and iLTD, although often synapse specific, are
viable systems for modulating synaptic activity utilized by mossy cells throughout the hilus, a
particularly interesting question is what types of input signals to the dentate (from the entorhinal
cortex) are responsible for activating these systems. Are those signals the same ones that
represent new memories or are they distinct, separate control signals used solely for the
regulation of hippocampal information throughput?
An interesting complementary path of study is how hilar interneurons interact with each
other. More specifically, do CB1R+ interneurons contact other hilar interneurons and if so, are
DSI and iLTD available at those terminals as well? From our studies with muscarinic agents, the
CB1R+ interneurons appear to be responsible for most of the theta oscillations we observed in
vitro. But very likely, both CB1R+ and CB1R- interneurons receive excitatory drive from the
same sources (mossy fibers, pyramidal cells, perforant path, etc.). Could these interneurons
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compete with and inhibit each other, thereby altering hilar network activity along with the mossy
cells?
While DSI and iLTD appear more likely to work in a focused manner, modulating
activity at a select group of synapses, the ambient GABA system seems better suited for more
global control of network activity. However, the nature of ambient GABA in vivo is still
unclear. Is inhibitory tone truly responsible for maintaining selective control over hilar mossy
fibers or is the apparent functional spatial gradient more of an evolutionary novelty? Since
epilepsy induces a hyperexcitable state in the hippocampus and both mossy fibers and mossy
cells have been implicated as vital components to this change, comparison of the ambient GABA
system and inhibitory tone in normal and epileptic tissue could provide valuable insights into
both onset and treatment of the disease. If inhibitory tone really does dampen mossy fiber
activity, we might expect that ambient GABA is reduced in epileptic tissue, that mossy fibers
themselves respond differently to tonic activation of their presynaptic receptors, or that they no
longer express the same presynaptic flora as compared to healthy tissue. Identifying these
differences could ultimately help explain why, for instance, mossy cells become ―irritable.‖
Basic in vitro electrophysiology can only go so far towards answering these and other
questions regarding the functional implications of synaptic signaling systems like
endocannabinoids and ambient GABA. To more fully understand the brain, these same types of
questions – how signaling systems interact with each other – must be applied to larger, more
intact preparations. However, the foundation provided by such mechanistic studies as those
presented here is pivotal to allowing us to ask those next questions.
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