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Abstract

Seizures are patterns of abnormal electrical activity in the brain that can
result in altered sensory perception, loss of consciousness, and involuntary
motor spasms. Epilepsy is the diagnosis of spontaneous and recurrent seizures.
Of the many varieties of epilepsy, temporal lobe epilepsy is a common acquired
epilepsy in adults and is in many cases medically intractable. Acquired temporal
lobe epilepsy can result following brain trauma; however, the mechanism for the
development of epilepsy from a precipitating neurological insult has remained
elusive. Temporal lobe epilepsy is correlated with altered structure and function
of neural circuits, changes that are hypothesized as a primary factor in epilepsy
etiology, though it is unclear how individual circuit changes affect excitability in
epileptic brains. One such example of circuit rearrangement in epilepsy is the
pathologic retrograde sprouting of granule cell mossy fiber axons within the
hippocampal dentate gyrus. Despite their proximal location, large presynaptic
terminals, and excitation of target neurons, the ultimate impact of sprouted
mossy fiber activity is unclear. Additionally, the dentate gyrus is a locus for adult
neurogenesis and adult-born granule cells have been hypothesized to directly
give rise to sprouted mossy fibers. If sprouted mossy fibers do primarily arise
from adult-born dentate granule cells, then seizure-enhanced neurogenesis
might play a role in establishing these aberrant connections. Using the
pilocarpine model of epilepsy and transgenic labeling of age-defined cohorts of

granule cells in mice, | demonstrate that adult-born neurons contribute to



sprouting and are more likely to develop sprouted mossy fibers than their
neonatally-born counterparts. Using super resolution confocal microscopy and
whole-cell recordings from acute brain slices, | reveal sprouted mossy fiber
axons form large synapses in the inner molecular layer that release glutamate
and excite other dentate granule cells. Despite a prominent short-term
depression of sprouted mossy fiber terminals, these cells had an increased
probability of release during single stimulation episodes. Additionally,
optogenetic activation of sprouted mossy fibers reliably triggered action
potential firing in postsynaptic dentate granule cells and triggered polysynaptic
bursts of EPSCs. A high probability of release and lack of tonic adenosine
signaling at sprouted synapses contributed the generation of these bursts and
activation of presynaptic adenosine 1 receptors decreased bursting of EPSCs.
Taken together, my data suggest that sprouted mossy fibers from adult-born
granule cells can quickly propagate recurrent excitation through the dentate

gyrus and initiate bursts of recurrent excitation.
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Introduction and Background

A delicate balance of wiring in the central nervous system is responsible for
our sensation, reflexes, and behaviors within the environment. These functions
arise from a complex system of neurons and neural circuits that balances neural
excitation, inhibition, and modulation to a high degree of precision. However,
neural circuits are not fixed and have an extraordinary flexibility to respond to
natural and traumatic stimuli (Mlnte et al., 2002; Levin, 2003; Draganski et al.,
2004; Dimyan and Cohen, 2011). This plasticity is critical for proper brain
function and likely responsible for dynamic processes such as learning and
memory (Draganski et al., 2004; Dayan and Cohen, 2011). Neural plasticity
occurs on many levels, from short-term changes in neurotransmitter release
probability at synapses (Zucker and Regehr, 2002; Malenka and Bear, 2004), to
large-scale neural circuit reorganization (Hensch, 2005; Lledo et al., 2006).

Circuit plasticity can also arise following brain trauma and trauma to neural
circuits can result in psychiatric and neurological disease (Sutula et al., 1989;
Sloviter, 1991; Levin, 2003; Anderson et al., 2005; Dimyan and Cohen, 2011).
Although diseases of the brain were originally thought to be spiritual in nature,
Hippocrates in his famous work On the Sacred Disease first proposed diseases
such as epilepsy were of natural and neurological origins and these diseases are
now known to result from altered neural circuit function (McNamara, 1994;

Chang and Lowenstein 2003).



Seizures and epilepsy constitute a large collection of neural circuit dysfunction

Seizures are patterns of abnormal electrical activity that can cause loss of
consciousness, altered perception, and most notoriously, violent motor spams.
Seizures can be comorbid with many psychiatric and neurological diseases and
syndromes including epilepsy, autism, Angleman syndrome, Down syndrome,
and anti-NMDA-receptor encephalitis, as examples (Hauser and Hesdorffer,
1990; McNamara, 1994; Chang and Lowenstein 2003; Sansing et al., 2007).
Seizures can occur throughout the brain, either locally within a seizure focus or
globally, generalizing throughout the brain. Generalized seizures are
characterized by abrupt changes in global brain function from the onset,
whereas focal seizures can “generalize” bilaterally but initiate locally within a
seizure focus (Engel, 2013). Surgical removal of seizure foci is a treatment for
focal epilepsies (Wiebe et al., 2001); therefore, it is hypothesized structural and
functional changes occurring within a seizure focus is a critical component of
epilepsy etiology.

Epilepsy specifically is the diagnosis of idiopathic, spontaneous recurrent
seizures. Seizures and epilepsy has been described since at least 2000 BC
(Magiorkinis et al., 2010) and epilepsy currently affects roughly 3% of the world
population (Hauser and Hesdorffer, 1990). Epilepsies can be both generalized
and focal, originate from genetic mutations, or be acquired from neurological
insults such as fevers, traumatic brain injury, stroke and infections (McNamara,

1994; Chang and Lowenstein 2003).



The number and variety of possible causes of epilepsies and seizures
underscores the delicate balance of the nervous system and the dramatic
consequences of perturbations to brain circuitry. Yet, epilepsy etiology is still
poorly understood. Both circuit alterations and neural hyperactivity are
hypothesized as likely mechanisms and are consistent between human patients
with epilepsy and rodent models of epilepsy (Mello et al., 1993; McNamara,
1994; Chang and Lowenstein 2003). However, despite well-characterized
models of epilepsy in rodents and high clinical research importance, the
mechanisms that drive disease progression of epilepsy, a process named

“epileptogenesis”, is still largely unknown.

Temporal lobe epilepsy is a common focal, acquired epilepsy

A temporal lobe focus is identified in the majority of patients with focal
epilepsy making temporal lobe epilepsy (TLE) the most common focal epilepsy
(Semah et al., 1998). TLE can develop following severe brain trauma and up to
40% of patients have ongoing seizures despite anticonvulsant treatment
(Hauser and Hesdorffer, 1990). TLE involves altered neural circuitry of the
temporal lobe (Williamson et al., 1993) and resection of the hippocampus from
the temporal lobe is a highly effective treatment for TLE in patients who are not
fully seizure free with medication (Wiebe et al., 2001). Thus, it is likely circuit
changes in the hippocampus are be responsible for seizures and epilepsy
(Turski et al., 1983; Mello et al., 1993; Loéscher, 2017). Indeed, there are a variety

of circuit changes including the loss (death) of inhibitory interneurons (Sloviter,



1987; Doherty and Dingledine, 2001), loss of pyramidal cells (Nadler et al., 1980;
Babb et al., 1984a; DeGiorgio et al., 1992; Mello et al., 1993), and neurite
outgrowth (Nadler et al., 1980; Ribak et al., 2000). Understanding how these
processes impact circuit function would provide insight into how the brain
regulates itself during both health and disease and could ultimately lead to
greater understanding of epilepsy etiology, leading to more effective treatment
options.

TLE can be induced in rodents genetically, by repeated electrical or
chemical stimulation (eg. kindling), or chemical convulsants (ie. kainic acid or
pilocarpine) (Shibley and Smith, 2002; Ldscher, 2011). In both the kainic acid
and pilocarpine models, currently the most widely used rodent models of TLE,
animals are injected with a bolus dose of convulsant, have acute seizures,
survive, enter a latent period that is followed by the development of
spontaneous seizures. Rodent models of TLE share many of the same structural
and functional changes within the hippocampus with human TLE such as cell
loss, sprouting of axons and dendrites, and enhanced neurogenesis (Babb et al.,
1984b; Babb et al., 1984a; Sutula et al., 1989; Sloviter, 1991; DeGiorgio et al.,
1992; Represa et al., 1995; Shibley and Smith, 2002). Thus, it is likely these
structural and functional circuit changes within the hippocampus represent a

common, underlying mechanism of epileptogenesis in TLE.



Dentate gyrus circuitry and function

Circuit changes within the dentate gyrus of the hippocampus are intimately

linked to TLE. Information flow through the hippocampus in healthy brains

generally follows a tri-synaptic circuit (Figure 1) and the dentate gyrus receives

the primary inputs to the hippocampus. Perforant path inputs from entorhinal

cortex synapse onto dentate granule cell dendrites in the outer and middle

molecular layers (OML and MML), with mixed feedback excitation and inhibition

CA1

Cortex out to cortex

Dentate Gyrus

Figure 1: Hippocampal circuitry. The basic circuit architecture
of the hippocampus follows a unidirectional, tri-synaptic circuit
with a few minor modifications. Cortical inputs (grey) synapse
onto dendrites of dentate granule cells (purple) via the
perforant pathway (PP), the principal cell of the dentate gyrus.
Granule cells send mossy fiber axons (MF) to CA3 pyramidal
cells (red) and interneurons (not pictured). CA3 pyramidal cells
are highly interconnected but send output to CA1 pyramidal
cells (green) via Schaffer collaterals (SC). Pyramidal cells in CA1
also receive entorhinal input onto distal dendrites via the
temporammonic pathway (TA). CA1l send information back out
to cortex and other brain regions.

comprising the most proximal
synaptic inputs in the inner
molecular layer (IML) (Amaral et al.,
2007). High synaptic divergence
onto the over 1 million dentate
granule cells is responsible for the
“sparse-coding” nature of the
dentate gyrus. Combined with low
intrinsic activity the dentate gyrus
effectively performs pattern

separation (Jung and McNaughton,

1993; Leutgeb et al., 2007; Severa et al., 2017).

Facilitating unidirectional information flow out of the dentate, granule cells

project mossy fiber axons to region CA3 where they make potent synaptic

connections onto CA3 pyramidal cells (Amaral et al., 2007). Strong facilitation of



mossy fiber - CA3 synapses (mf-CA3) (Salin et al., 1996) and single bouton
“detonation” of post-synaptic cells (Vyleta et al., 2016) engage the highly
interconnected CA3 network to perform pattern completion (Guzman et al.,
2016). From here, Schaffer collaterals, CA3 axonal projections to CA1, synapse
onto CA1 pyramidal cells, cells that in turn send axons out of the hippocampus

proper to the subiculum (Amaral et al., 2007).

Mossy fiber synapses in CA3, the output of the dentate gyrus

Mossy fiber axons from dentate granule cells terminate in region CA3
forming unusually complex and potent synapses onto pyramidal cells and
interneurons (Henze et al., 2000; Nicoll and Schmitz, 2005). The mossy fiber
axon terminal is large, over 3 pm in diameter, and engulfs complex dendritic
spines on CA3 pyramidal cells known as “thorny excrescences” (Henze et al.,
2000). Mossy fiber synapses are also highly specialized. Contacts onto CA3
inhibitory interneurons (mf-IN) are weaker (Toth et al., 2000) and lack the
complex thorny excrescence morphology of mf-CA3 synapses (Henze et al.,
2000). These weaker mf-IN synapses form as filopodia extending from the main
bouton (Acsady et al., 1998), highlighting the highly complex, yet tightly
compartmentalized and regulated nature of the mossy fiber synapse.

The properties of short-term plasticity at mf-CA3 synapses differentiate
them from most other synapses within the hippocampus. Despite the multiple
release sites at these synapses all having individually low probability of release

(P)) (von Kitzing et al., 1994), a single granule cell (Henze et al., 2002) or even a



single bouton (Vyleta et al., 2016) is capable of “detonating” or firing a post-
synaptic CA3 pyramidal cell. Mossy fiber synapses undergo dramatic facilitation
at almost any increase in stimulation frequency and 1 Hz electrical stimulation
can facilitate mossy fiber EPSCs by upwards of 400% (Salin et al., 1996).
Though granule cells typically fire infrequently in vivo, ranging from 0.04 - 3 Hz
(Mistry et al., 2011), a modest increase in activity could drive CA3 cell firing
(Vyleta et al., 2016) and potently influence hippocampal circuit activity.

Such dramatic facilitation is largely due to the very low probability of release
at mf-CA3 synapses (von Kitzing et al., 1994). The presence of tonic adenosine
in stratum lucidum (SL) lowers probability of release via presynaptic adenosine 1
receptor (A1R) inhibition (Moore et al., 2003) of Ca** channels in the terminal (Wu
and Saggau, 1994; Manita et al., 2004). Indeed, blocking presynaptic A1Rs with
DPCPX, a potent and selective A1R antagonist, largely occludes frequency
facilitation (Moore et al., 2003; Fedele et al., 2005). Other components identified
as critical in preserving frequency-dependent facilitation are the expression of
trans-synaptic signaling molecules (Ben-Simon et al., 2015), specialized
calcium-sensors (Jackman et al., 2016), and pre-synaptic kainate receptors
(Sachidhanandam et al., 2009).

It also is worth recognizing other unique features of plasticity at mf-CA3
synapses. Although the debate over the locus of expression of long term
potentiation (LTP) eventually settled on the now canonical post-synaptic
mechanism (Kerchner and Nicoll, 2008), mf-CAS3 synapses violate this rule.

Expression of LTP at mf-CA3 synapses is not dependent on NMDAR receptors



(Harris and Cotman, 1986) or post-synaptic Ca?* (Mellor and Nicoll, 2001), but
rather entirely regulated and expressed pre-synaptically (Nicoll and Malenka,
1995) through increases in pre-synaptic Ca?* and cAMP during high rates of
activity that trigger PKA (Weisskopf et al., 1994) and increase release probability.
Additionally, despite the low expression of NMDARs post-synaptically (Jonas et
al., 1993), mf-CA3 synapses can undergo NMDAR-LTP (Kwon and Castillo,
2008), whereby the relative contribution of NMDARSs is increased and drives
increased excitability and spike bursting (Hunt et al., 2013). These unique
features of mf-CA3 synapses make them interesting in the context of epilepsy
given presynaptic activity alone could drive known long-term changes in release
probability (Goussakov et al., 2000) and epilepsy-associated changes in NMDAR
expression can alter granule cell spiking properties (Sutula et al., 1996; Lynch et

al., 2000).

Dentate gyrus dysfunction in epilepsy

Resection of the hippocampus is an effective treatment for TLE (Wiebe et
al., 2001) and circuit changes within the dentate gyrus are hypothesized to
contribute to epileptogenesis (McNamara, 1994), making dentate gyrus
dysfunction a leading candidate for epileptogenesis. Indeed, decades of
research have documented physical and functional circuits changes that could
conceivably lead to hippocampal hyperexcitability. | will briefly review two major
dentate gyrus circuit changes in epilepsy: cell death and aberrant growth of

dendrites and axons (Figure 2).



Excitatory and inhibitory cell death

Perhaps the most striking example of seizure-related brain damage in the
hippocampus is the death of CA1 and CAS3 pyramidal cells (Babb et al., 1984b;
Babb et al., 1984a; DeGiorgio et al., 1992; Represa et al., 1995). Epileptic tissue
from human patients with TLE show profound CAS cell loss and rodent models
of epilepsy phenocopy this phenomena (Mello et al., 1993; Cavalheiro et al.,
1996). CAS cell loss occurs within days after status epilepticus in animal models
(Mello et al., 1993), though this process may be more gradual in humans (Babb
et al., 1984b) given the more chronic onset of epilepsy in humans as opposed to
the highly acute seizure induction in animal models.

Excitatory mossy cells in the hilus are highly vulnerable to seizures, and few
remain in epileptic dentate gyrus (Mello et al., 1993). Mossy cells receive a major
output from dentate granule cells and facilitate both feedback inhibition and
excitation onto granule cells (Scharfman, 1995). Thus the death of mossy cells
could counterintuitively drive either increased (Santhakumar et al., 2000) or
decreased (Sloviter, 1991) excitation in epileptic brains. A decrease in the
number of mossy cells would decrease the degree of feedback excitation, but
would similarly decrease excitatory drive onto surviving interneurons, thereby
decreasing feedback inhibition. How mossy cells loss affects dentate function is
still unclear and could be further dependent on the properties of remaining

mossy cells (Sloviter, 1991; Santhakumar et al., 2000; Bui et al., 2018).



In addition to cell death of excitatory neurons in epileptic brains, there is a
profound decrease in inhibitory interneurons throughout the hippocampus,
including hilar interneurons that provide feedback inhibition onto dentate granule

A Healthy B Epileptic Cel |S (S|0V|ter,

Increased
neurogenesis

Hilar basal 1 987, de

dendrites

Dentate Gyrus

Lanerolle et al.,

1989; Doherty

Cell loss

Mossy fiber
sprouting

® Dentate granule cells and Dingledine,

C @ CA3 pyramidal cells
Hilar int
Change: Hypothesized network effect: ‘ MIOZ;; :;:se wrons
lEand |1 2001).A
filar interneuron cell death ll

Mossy fiber sprouting fEor 11

CAS cell death le common feature
Figure 2: Alterations to dentate gyrus circuitry in epilepsy. A Dentate gyrus circuity in to both human

healthy (non-epileptic) rodent brains. Granule cells (blue) project mossy fiber axons to

CA3 pyramidal cells (red). Mossy cells (yellow) and hilar interneurons (blue) provide feed-

back excitation and inhibition, respectively. B Dentate gyrus circuitry is dramatically al- patients and
tered in epileptic tissue. Cell loss (faded cells) involves CA3 pyramidal cells, hilar interneu-
rons, and hilar mossy cells. Recurrent circuits from hilar basal dendrites and mossy fiber
sprouting are formed. Dentate granule cell neurogenesis is increased, increasing the
number of adult-born granule cells. Other changes (not pictured) include granule cell dis-
persion and ectopic cellular migration. C Hypothesized network effects of circuit changes.  the |oss of
See text for further discussion.

animal models,

inhibitory interneurons could lead to an increased excitation to inhibition ratio (ie.
more excitation) and a hyperexcitable environment where seizures could
originate.

The loss of these cell types may not be directly responsible for seizures or
epilepsy per se, because cellular death is presumed to be permanent, and
humans and rodents do not continuously seize. Yet, the death of both inhibitory
cells and excitatory cells that drive feedforward inhibition creates a condition
where the generation of epileptiform activity is more likely. In agreement,

functional analysis of the dentate gyrus after seizures shows heightened

10



excitability (Tauck and Nadler, 1985); however, this is in concert with other

network alterations, including changes to granule cells.

Aberrant growth of dendrites and axons

Dentate granule cells receive multi-contextual input along their apical
dendrites with a high degree of segregation (Amaral et al., 2007). At the most
distal points, in the outer molecular layer (OML), dentate granule cells synapse
with excitatory lateral perforant path axons arising from lateral entorhinal cortex.
More proximally, there is another laminated input to granule cells from medial
entorhinal cortex along the medial perforant path. Because mossy fiber axons
are restricted to the hilus in healthy brains (Amaral et al., 2007), granule cell
apical dendrites do not receive any monosynaptic granule cell afferents.
However, in TLE, granule cells form large hilar basal dendrites that receive
mossy fiber input and create an excitatory recurrent network, and contribute to
hyperexcitability (Spigelman et al., 1998; Ribak et al., 2000; Kelly and Beck,
2017).

Another seizure-induced morphological change to the granule cells is the
sprouting of aberrantly targeted, mossy fiber axons onto other dentate granule
cells (Nadler et al., 1980). Mossy fiber synaptic transmission produces large
excitatory post-synaptic currents at their normal targets in CA3, and sprouted
mossy fibers could create strong recurrent excitatory feedback loops if sprouted
synapses had these functional properties (Nicoll and Schmitz, 2005). As

sprouted mossy fibers and monosynaptic granule cell — granule cell connections

11



are absent under non-pathological conditions, such connections could induce
run-away excitation resulting in hippocampal hyperexcitability (Tauck and
Nadler, 1985; Sutula et al., 1988; Sutula et al., 1989; Okazaki et al., 1995;
Buckmaster et al., 2002).

However, electron microscopy studies have also suggested sprouted
mossy fibers could also target inhibitory interneurons located in the inner
molecular layer (Sloviter et al., 2006b), thus compensating for the loss of
interneurons by increasing inhibitory drive within the dentate, in which case
sprouted mossy fibers would actually tend to reduce excitability. Although
increased dentate excitation is seen in temporal lobe epilepsy, the challenge of
isolating and selectively stimulating sprouted mossy fibers has severely limited
the examination of the sprouted granule cell — granule cell synapse. Thus, the
target(s) and effects of mossy fiber sprouting remain undefined and await

functional confirmation.

Functional evidence of mossy fiber sprouting

Early functional evidence of sprouted mossy fibers

Functional analysis of sprouted mossy fibers has been an area of intense
interest since 1985, with the discovery that antidromic stimulation of granule
cells caused repeated population spiking in the dentate granule cell layer in

epileptic rats (Tauck and Nadler, 1985). Importantly, this effect was absent in

12



low extracellular Ca?* suggesting it was synaptically-mediated. However, this
population spiking was only apparent in less than half the slices, despite robust
mossy fiber sprouting (Tauck and Nadler, 1985). Additionally, hilar stimulation
does not selectively activate sprouted mossy fibers (Figure 3), leaving open the
possibility of contamination from other cell types such as interneurons and
mossy cells as well as activation of alternate sources of recurrent excitation
(Spigelman et al., 1998; Ribak et al., 2000).

Nevertheless, subsequent studies generally supported a role for sprouted

mossy fibers in dentate gyrus Recording

hyperexcitability. Recurrent

\3

circuits in the dentate gyrus . \ \
e
formed after seizures, pa— , Stmuating

presumed to be sprouted
Figure 3: Difficulties with electrical stimulation of

. sprouted mossy fibers. Physiologic analysis of sprouted
mossy fibers, have been mossy fibers has traditionally relied upon electrical
stimulation of mossy fiber axons to drive antidromic action
potentials in granule cells that in turn activates sprouted
mossy fibers (1). However, activation of mossy fibers could
also drive recurrent activity through hilar basal dendrites (2)
stimulation (Tauck and Nadler, or activate remaining mossy cell feedback excitation (3),

leading to contamination of evoked responses. Electrical

. stimulation of the inner molecular layer (not pictured) causes
1985, Wual’ln and Dudek, similar prob|ems_

studied using antidromic

1996; Okazaki et al., 1999), perforant path stimulation (Cronin et al., 1992;
Golarai and Sutula, 1996; Masukawa et al., 1996; Okazaki et al., 1999), focal
glutamate applications using glutamate microdrops (Wuarin and Dudek, 1996;
Lynch and Sutula, 2000) and uncaging (Molnar and Nadler, 1999; Wuarin and
Dudek, 2001) in the granule cell layer, and paired sharp-electrode recordings

(Scharfman et al., 2003b). Together, these experiments offer supportive

13



evidence that sprouted mossy fibers constitute a possible source of recurrent
excitation within the epileptic dentate gyrus and highlight the potential for
sprouted mossy fibers to drive hyperexcitability and epileptogenesis.

However, use of the above techniques, with the exception of paired
recordings, required “unmasking” of sprouted mossy fibers (Patrylo and Dudek,
1998) as sprouted mossy fiber responses were unreliable and infrequent.
Increased concentrations of extracellular potassium (Patrylo and Dudek, 1998;
Hardison et al., 2000), blocking GABAa-mediated inhibition (Cronin et al., 1992;
Patrylo and Dudek, 1998), or both (Wuarin and Dudek, 1996; Wuarin and Dudek,
2001), more reliably evoked putative sprouted mossy fiber responses and led to
the conclusion that sprouted synapses were “conditionally expressed” (Sutula
and Dudek, 2007) and required a breakdown of inhibition or modest increases in
extracellular potassium for sprouted fibers to drive hyperexcitability. It is unclear
whether this “conditional expression” is an intrinsic property of sprouted mossy
fibers or rather an epiphenomenon due to either the imprecise methods of
stimulation or occurring as a consequence of acute slice preparation.
Regardless, as neuromodulatory factors strongly affect basal properties of mf-
CAS neurotransmission (Castillo et al., 1996; Moore et al., 2003), it is
conceivable that neuromodulators or other factors may strongly influence the
expression and impacts of mossy fiber sprouting on hippocampal
hyperexcitability, such that it is conditional (Simmons et al., 1997; Gouder et al.,

2003; Amorim et al., 2016; Sandau et al., 2016).
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Relevance of mossy fiber sprouting in epilepsy

Despite the initial assumption that sprouted mossy fibers could drive
increased hyperexcitability, the artificial conditions in which sprouted mossy
fibers were detected (Cronin et al., 1992; Wuarin and Dudek, 1996; Patrylo and
Dudek, 1998; Hardison et al., 2000) left unresolved how sprouted mossy fibers
drive epileptogenesis in vivo (Buckmaster, 2014). In other words, can sprouted
mossy fibers drive epileptiform activity in physiological conditions?
Complicating the matter, mossy fiber axons can also sprout onto remaining
inhibitory cells (Sloviter et al., 2006b) and increase feedforward excitation of
interneurons (Sloviter, 1992; Buckmaster and Dudek, 1997; Wu and Leung,
2001), thereby offsetting the effects of inhibitory cell loss (Sloviter, 1987; Doherty
and Dingledine, 2001). However, reconstruction of long stretches of sprouted
axons reveals that the majority of sprouted synapses are on excitatory cells
(Buckmaster et al., 2002), yet relatively limited functional data exists.

Although an experimentally-obtained individual connection probability of
0.67% (Scharfman et al., 2003b) may also lead some to question the functional
significance of sprouting, this low connection probability is a function of the
large numbers of granule cells. It is worth noting that by the same calculation, if
60% of cells sprout (Sutula et al., 1998) 510 boutons (Buckmaster et al., 2002),
over 300 million new recurrent, sprouted synapses would result in up to a 300:1
convergence of sprouted synapses onto granule cells, if all granule cells could

receive 300 new synapses per cell. In agreement, computer simulations show
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the extent of sprouting positively correlates with dentate excitability
(Santhakumar et al., 2005).

Thus, sprouted fibers could drive dentate hyperexcitability and therefore
seizures. However, the degree of staining for mossy fiber sprouting in the IML
does not necessarily correlate with seizure frequency (Shibley and Smith, 2002)
as might be expected if mossy fiber sprouting was directly linked to seizure
generation. Furthermore, seizures can occur in the absence of mossy fiber
sprouting (Longo and Mello, 1997, 1998) and inhibition of sprouting with
rapamycin (Buckmaster and Lew, 2011; Heng et al., 2013) or cycloheximide
(Longo and Mello, 1997) does not robustly reduce seizure frequency. Although
this observation is controversial, as the effect may be timing- and/or dose-

dependent (Williams et al., 2002; Zeng et al., 2009; Huang et al., 2010).

Functional properties of sprouted mossy fiber synapses

The relevance and impact of sprouted mossy fibers is also likely to depend
on their functional characteristics. Given that mf-CA3 synapses are potent
“detonator” synapses (reviewed above), sprouted mossy fibers with features of
frequency facilitation and post-synaptic cell detonation could have a large
impact and increase excitability, particularly given the high level of convergence
and proximal dendritic location on individual granule cells. However, properties
of mf-CA3 synapses can be altered after seizures (Goussakov et al., 2000) and

also differ depending on post-synaptic targets (Toth et al., 2000).
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Mossy fiber sprouting is associated with (and often held responsible for)
repeated population spiking of granule cells (Tauck and Nadler, 1985; Patrylo
and Dudek, 1998; Patrylo et al., 1999), bursts of EPSCs/EPSPs (Wuarin and
Dudek, 1996; Patrylo and Dudek, 1998; Molnar and Nadler, 1999; Okazaki et al.,
1999), overall increases in excitatory drive (Wuarin and Dudek, 2001), and
epileptiform discharges (Patrylo and Dudek, 1998; Wuarin and Dudek, 2001).
However, repetitive antidromic stimulation of sprouted mossy fibers reduced
epileptiform activity of granule cells (Hardison et al., 2000), an unexpected result
if sprouted mossy fibers functioned similarly to mf-CA3 synapses. Indeed, 1 Hz
antidromic stimulation in also produced minimal facilitation of excitatory
responses in granule cells (Feng et al., 2003). Though the experimental design
assumed these were sprouted mossy fiber responses, there was minimal
inhibition by DCG-IV (Feng et al., 2003), suggesting that the stimulation
paradigm used was not selective. Paired recordings of dentate granule cells
showed a similar effect; high failure rates and strong EPSP depression was
observed when multiple evoked APs were triggered in the presynaptic neuron
(Scharfman et al., 2003b). Despite robust mossy fiber sprouting and a lack of
hilar basal dendrites, the connection probability was extremely low (6 in 903
simultaneous pairs), and the recording technique used (sharp electrode)
prevented further analysis. Functional properties of sprouted mossy fibers have

remained elusive, in part due to the imprecise methods of stimulation (Figure 3).
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Adult neurogenesis and epilepsy

A distinguishing feature of the dentate gyrus is the continued generation of
dentate granule cells postnatally (Parent, 2007). These adult-born granule cells
survive and integrate into local circuitry (van Praag et al., 2002; Toni et al., 2008;
Gu et al., 2012), becoming become virtually indistinguishable from their
neonatally-born counterparts. However, during initial stages of maturation and
integration, adult-born granule cells develop greater levels of excitability and
plasticity (Gu et al., 2012).

Adult granule cell neurogenesis is dynamically regulated by several factors,
both positively (Parent et al., 1997; Kempermann et al., 1998; Van Praag et al.,
1999; Van Praag et al., 2005) and negatively (Kuhn et al., 1996; Gould et al.,
1998). However, disease-associated enhancement of neurogenesis and
heightened plasticity of immature, adult-born cells could also leave them
vulnerable to disease (Figure 4). Indeed, seizures increase the rate of
neurogenesis and accelerates integration of new cells into local circuitry (Parent
et al., 1997; Parent et al., 1999; Overstreet-Wadiche et al., 2006; Parent et al.,
2006; Jessberger et al., 2007) and adult-born cells born after seizures have
morphological and functional changes that could implicate them in
epileptogenesis (Parent et al., 1997; Parent et al., 2006; Jessberger et al., 2007;
Walter et al., 2007; Kron et al., 2010; Kelly and Beck, 2017). Increased

neurogenesis following epilepsy has been linked to cognitive dysfunction (Cho
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Figure 4: Interactions between neurogenesis and epilepsy. A Representation of rate of hippocampal dentate granule
cell neurogenesis over time. Granule cell neurogenesis is highest in the neonatal brain and decreases with age in healthy
animals (blue). Following a seizure insult (red), neurogenesis transiently increases and is sustained for weeks, prior to
decreasing to very low rates, chronically. Adult-born granule cells born around the time of seizures are hypothesized
to be the most vulnerable to circuit changes (gray highlighting). B Examples of circuit changes in adult-born granule
cells (red cells). Adult-born granule cells can migrate ectopically in the hilus and molecular layer (left), develop hilar
basal dendrites (middle), or sprout recurrent mossy fiber axons (right).

et al., 2015) and inhibition of seizure-enhanced neurogenesis can possibly halt
disease progression (Hosford et al., 2017). Thus, it is of keen interest as to how

newborn granule cells modulate epileptogenesis.

Neurogenesis contributes to altered dentate circuitry

Early research suggested that adult-born dentate granule cells, primarily, if
not exclusively, contributed to mossy fiber sprouting (Kron et al., 2010). Though
the evidence that neurogenesis is increased in epilepsy is strong (Parent et al.,
1997; Jessberger et al., 2005; Parent et al., 2006; Jessberger et al., 2007),
experimental ablation of neurogenesis has produced conflicting results with
regard to mossy fiber sprouting (Parent et al., 1999; Cho et al., 2015; Hosford et
al., 2016; Hosford et al., 2017).

The first study proposing that sprouting was related to enhanced
neurogenesis used a combination of BrdU injections into epileptic rats and
cytoskeletal staining with neurofilament (NF-M) to reveal sprouted mossy fiber

axons originating from BrdU+ cell nuclei (Parent et al., 1997). These results
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indicated that adult-born dentate granule cells were at least capable of
sprouting mossy fibers into the IML after seizures. In subsequent studies using
irradiation to reduce seizure-enhanced neurogenesis to near control levels
(Parent et al., 1999), mossy fiber sprouting was unaffected, calling into question
the hypothesized interactions between sprouting and neurogenesis.

The advent of virally-mediated gene transfer as a tool capable of labeling
adult-born dentate granule cells (van Praag et al., 2002; Van Praag et al., 2005;
Tashiro et al., 2006) enabled researchers to more directly assay the contribution
of adult-born cells to mossy fiber sprouting (Jessberger et al., 2007; Kron et al.,
2010; Althaus et al., 2016). Using a GFP-expressing retrovirus that only infects
dividing cells (such as stem cells in the sub-granular zone) (Lewis and Emerman,
1994), researchers have elegantly characterized that granule cells migrate
ectopically to the hilus or IML, form hilar basal dendrites, and sprout mossy
fibers (Jessberger et al., 2007; Kron et al., 2010; Althaus et al., 2016). Initially,
these alterations were thought to be most prominent in cells that were either
immature or born soon after seizure-induction rather than granule cells born
neonatally. Specifically, GFP+ sprouted axons were only found from adult-born
granule cells (Jessberger et al., 2007; Kron et al., 2010), although enhanced
retroviral plasmids have since revealed substantial sprouting from neonatally-
born cells as well (Althaus et al., 2016) and ablation of neurogenesis with
gamma radiation does not entirely block mossy fiber sprouting (Parent et al.,

1999; Kron et al., 2010). Thus, while the exclusivity has been challenged, adult-
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born granule cells significantly contribute to mossy fiber sprouting and

potentially epileptogenesis as well.

Open Questions and Approach

Do sprouted mossy fibers from adult-born granule cells contribute to dentate
gyrus hyperexcitability?

Given the above, it is possible that excessive excitability in the dentate
gyrus might arise from sprouted mossy fibers, and in particular those fibers from
adult-born dentate granule cells. Therefore, it is of particular interest to examine
functional properties smf-GC synapses in order to understand how they impact
circuit function. However, sprouted mossy fibers cannot be reliably stimulated
using conventional electrical stimulation as it is not possible to selectively
stimulate only those fibers from adult-born dentate granule cells.

It seems critical to determine which populations of dentate granule cells
sprout (Figure 5). While the bulk of attention has been directed at granule cells
born after seizures, granule cells immature at the time of seizures also sprout
recurrent collaterals (Kron et al., 2010), and may contribute to disease
progression (Jung et al., 2004; Jung et al., 2006; Cho et al., 2015; Hosford et al.,
2016). Because the interplay of neurogenesis and sprouting remains in question

(Parent et al., 1997; Parent et al., 1999; Bender et al., 2003; Kron et al., 2010), a
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carefully designed experiment capable of robustly labeling adult-born neurons
could settle this question.

A basic question regarding adult-born granule cells is whether they possess
the ability to drive hippocampal hyperexcitability. There are fundamental
questions about whether sprouted fibers from adult-born cells are functional and
whether they release glutamate or other neurotransmitters. Currently, there is no
direct evidence that sprouted fibers from adult-born neurons functionally
contribute to hippocampal hyperexcitability.

Furthermore, do sprouted mossy fibers possess functional properties, such
as 1 Hz facilitation, that could exacerbate hyperexcitability further during
increased firing? Because sprouted mossy fibers could not be stimulated
selectively using prior methods, it is unknown whether these recurrent fibers
possess functional properties that could drive seizure activity. Immature adult-
born granule cells do have heightened plasticity (Gu et al., 2012), but it is
unknown whether sprouted mossy fibers from adult-born cells acquire divergent
functional properties that contribute to or mitigate hyperexcitability or
epileptogenesis. Additionally, synaptic function can be controlled by
neuromodulatory factors and influence expression of short (Moore et al., 2003)
and long (Wagner et al., 1993; Weisskopf et al., 1993) term plasticity. Factors
that control mf-CAS3 function are altered in epilepsy (McGinty et al., 1983;
Kanamatsu et al., 1986; Ekonomou et al., 2000; Boison, 2008, 2012; Sandau et
al., 2016). How any of these factors modulate sprouted mossy fiber function is

unknown, and sprouted mossy fiber function may be differentially expressed as
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a consequence of altered neuromodulator presence or function. If any of these
factors could be identified and manipulated experimentally, it could be used to
test the role of sprouted mossy fibers in epileptogenesis and eventually lead to

potential avenues to treatment.

Recent technological advances make addressing the specific function of sprouted
fibers from adult-born cells possible

Recent developments in Cre-dependent transgenic labeling have opened
an approach to isolate cohorts of dentate granule cells with optogenetic
stimulation. For example, the popular Nestin-CreER™ mouse lines pulse-labels
stem cells in the subgranular layer of the dentate gyrus (Dubois et al., 2006), but
lacks temporal specificity as labeled stem cells will go through multiple rounds
of division. Thus, pulse labeling of a population of immature granule cells would
be ideal and could create a more tightly controlled labeling window. Indeed,

Pilocarpine Analysis Granule cell cohorts:
DCXC reERTZ seizures
1. Neonatally born granule cells, mature at

2epsY l
l i &Ep\\ - seizure induction (pilocarpine)
¢ sprouti™®
W
2. Adult-born granule cells, immature at

mice label £
@ P8 P60 P120 seizure induction
i 71 3 4 Tamoxien 3. Adultb le cells, born aft
. | { . ult-born granule cells, born after
an immature niections seizure induction
popu|a‘tion Figure 5: Experimental timeline and approach. Mice will be given pilocarpine to induce seizures

at ~2 months old (P60). Following a brief latent period of no seizures, mice develop spontaneous
recurrent seizures (epilepsy) and mossy fiber sprouting (mf sprouting). All analysis will be per-
of dentate formed 2 months after pilocarpine (P120). Granule cells will be labeled using DcxCreER™ mice, in
which upon tamoxifen administration (blue arrows) labels immature granule cells born in the pre-
[ vious 2-3 weeks (yellow bars). Granule cell cohorts will consist of cells born neonatally (1), just
granule . . . . -
prior to seizures (2), and immediately after seizures (3).
cells upon tamoxifen administration (Cheng et al., 2011). This has the advantage
of both labeling terminally differentiated granule cells and having a window large

enough to label the high number of cells needed for physiologic analysis.
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How would this approach vary from previous studies characterizing either
the relationship between adult-neurogenesis and mossy fiber sprouting or the
function of sprouted mossy fibers? There is substantial evidence to support
sprouted mossy fibers arise from adult-born granule cells developing during or
born into the epileptic brain (Parent et al., 1997; Jessberger et al., 2007; Kron et
al., 2010; Althaus et al., 2016) and the function and presumed impact of
recurrent circuitry in the epileptic dentate gyrus has been elegantly
demonstrated (Tauck and Nadler, 1985; Wuarin and Dudek, 1996; Okazaki et al.,
1999). Yet, an obvious and appealing question still remains: given the unique
features and plasticity of adult-born granule cells, what are the functional
properties of sprouted mossy fiber synapses, specifically from adult-born
granule cells, and do they function in a way contributes to epileptogenesis or
hippocampal hyperexcitability?

Unfortunately, technical limitations have been challenging to overcome.
Even though newborn granule cells can be labeled with ChR2-YFP using
retroviral injections (van Praag et al., 2002), the number of cells infected is
extremely low and the temporal window of labeling is very tight (van Praag et al.,
2002; Tashiro et al., 2006), both limiting the possibility of identifying post-
synaptic cells to record from and require precisely timed injections into epileptic
brains. By sacrificing the extreme temporal specificity of retrovirus, transgenic
labeling approaches such as the DcxCreER™ mouse (discussed above) that

integrate labeling over longer periods (Cheng et al., 2011; Yang et al., 2015)
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provide an opportunity to increase the number of adult-born cells labeled,

critical for electrophysiologic analysis.

Summary of Work

In Chapter 1, | examine the relative contribution that various age-defined
cohorts of granule cells make to mossy fiber sprouting. | demonstrate that adult-
born granule cells, born either before or after seizures, sprout mossy fibers,
consistent with some reports (Jessberger et al., 2007; Kron et al., 2010; Althaus
et al., 2016), but not others (Parent et al., 1999). | also use the same transgenic
labeling method to demonstrate that sprouted mossy fibers from adult-born
granule cells born before, but not after, epilepsy induction form recurrent
excitatory synapses with other dentate granule cells. Additionally, | characterize
the basic functional properties of these synapses. Whereas mf-CA3 synapses
are known to be “detonator synapses” with strong frequency facilitation,
sprouted mossy fibers have strong frequency depression, a feature even more
prominent in sprouted fibers from adult-born cells.

In Chapter 2, | examine further the functional changes in sprouted mossy
fibers and identify one potential mechanism for the observed changes in the
functional properties of sprouted mossy fibers. | show that sprouted mossy
fibers have a high probability of release that contributes to bursts of EPSCs and
post-synaptic cell firing. | find that unlike mf-CA3 synapses (Moore et al., 2003),

there is a lack of tonic adenosine at sprouted mossy fiber synapses in the IML,
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and the lack of this adenosine inhibition contributes to increased release
probability and the recurrent network’s ability to propagate excitability and

bursts of EPSCs.

26



Chapter 1: Short-term Depression of Sprouted Mossy Fiber
Synapses from Adult-born Granule Cells

William D. Hendricks'?, Yang Chen?, AeSoon L. Bensen?, Gary L. Westbrook?,

Eric Schnell’ ®*

'Graduate Program in Neuroscience; 2Vollum Institute; Oregon Health and
Science University, Portland, OR, 97239; USA; *Department of Anesthesiology
and Perioperative Medicine; Oregon Health and Science University, Portland,

OR, 97239; USA; *VA Portland Health Care System; Portland, OR, 97239; USA

Published in The Journal of Neuroscience, June 2017

(https://doi.org/10.1523/JNEUROSCI.0761-17.2017)

27



Abstract

Epileptic seizures potently modulate hippocampal adult neurogenesis,
and adult-born dentate granule cells contribute to the pathologic retrograde
sprouting of mossy fiber axons, both hallmarks of temporal lobe epilepsy. The
characteristics of these sprouted synapses, however, have been largely
unexplored, and the specific contribution of adult-born granule cells to
functional mossy fiber sprouting is unknown, primarily due to technical barriers
in isolating sprouted mossy fiber synapses for analysis. Here, we used
DcxCreER™ transgenic mice to permanently pulse-label age-defined cohorts of
granule cells born either before or after pilocarpine-induced status epilepticus
(SE). Using optogenetics, we demonstrate that adult-born granule cells born
prior to SE form functional recurrent monosynaptic excitatory connections with
other granule cells. Surprisingly, however, although healthy mossy fiber
synapses in CA3 are well characterized "detonator" synapses that potently drive
post-synaptic cell firing through their profound frequency-dependent facilitation,
sprouted mossy fiber synapses from adult-born cells exhibited profound
frequency-dependent depression, despite possessing some of the
morphological hallmarks of mossy fiber terminals. Mature granule cells also
contributed to functional mossy fiber sprouting, but exhibited less synaptic
depression. Interestingly, granule cells born shortly after SE did not form
functional excitatory synapses, despite robust sprouting. Our results suggest
that although sprouted mossy fibers form recurrent excitatory circuits with some

of the morphological characteristics of typical mossy fiber terminals, the
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functional characteristics of sprouted synapses would limit the contribution of
adult-born granule cells to hippocampal hyperexcitability in the epileptic

hippocampus.

Significance Statement

In the hippocampal dentate gyrus, seizures drive retrograde sprouting of
granule cell mossy fiber axons. We directly activated sprouted mossy fiber
synapses from adult-born granule cells to study their synaptic properties. We
reveal that sprouted synapses from adult-born granule cells have a diminished
ability to sustain recurrent excitation in the epileptic hippocampus, questioning

the role of sprouting and adult neurogenesis in sustaining seizure-like activity.

Introduction

Repeated seizures lead to epilepsy through the process of
epileptogenesis, which likely results from alterations in neural circuits (Chang
and Lowenstein 2003). However, it is unclear how network alterations in the
brain contribute to circuit hyperexcitability. Temporal lobe epilepsy is associated
with dramatic morphological changes to the hippocampus, including death of
CA1 and CA3 pyramidal neurons (Babb et al., 1984a; DeGiorgio et al., 1992),
loss of interneurons (Sloviter, 1987; Doherty and Dingledine, 2001), and the
aberrant growth of dentate granule cell dendrites and axons (Nadler et al., 1980;

Ribak et al., 2000).
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The sprouting of mossy fiber axons away from their normal targets in the
hilus and CA3 and into the inner molecular layer of the dentate gyrus has long
been particularly intriguing. After sprouting, these axons contact the dendrites of
other granule cells, forming a connection that is largely, if not entirely, absent in
healthy animals (Tauck and Nadler, 1985; Sutula et al., 1988; Okazaki et al.,
1995; Buckmaster et al., 2002). Mossy fibers in region CA3 produce large
unitary excitatory post-synaptic currents (EPSCs) that profoundly facilitate
glutamate release during repetitive activation and have been designated as
“detonator synapses” due to their ability to potently drive postsynaptic cell
spiking (Salin et al., 1996; Sachidhanandam et al., 2009; Vyleta et al., 2016).
Thus, sprouted fibers with the same characteristics could conceivably form
strong recurrent excitatory feedback loops and drive seizure generation.

Mossy fibers originate from mature dentate granule cells, but the
hippocampal circuit is constantly refined by ongoing postnatal neurogenesis
(van Praag et al., 2002). Interestingly, seizures increase the generation of new
granule cells (Parent et al., 1997; Jessberger et al., 2005; Parent et al., 2006;
Jessberger et al., 2007), which integrate into local circuitry (Bengzon et al., 1997;
Parent et al., 1997; Overstreet-Wadiche et al., 2006; Parent et al., 2006;
Jessberger et al., 2007; Kron et al., 2010), and contribute to mossy fiber
sprouting (Jessberger et al., 2007; Kron et al., 2010; Althaus et al., 2016). The
low connection probability between any one adult-born granule cell and its
potential post-synaptic targets, as well as the challenges of definitively isolating

fibers derived from adult-born granule cells, has limited direct assessment of
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adult-born cells in epileptic brains. Thus, despite the evidence that adult-born
granule cells contribute to mossy fiber sprouting, the functional properties of
these sprouted synapses are still not known.

Here we isolated cohorts of age-defined granule cells using genetically
modified mice to examine the contribution of adult-born granule cells to mossy
fiber sprouting, and to determine the functional properties of sprouted mossy
fiber synapses. Despite similar structural characteristics, sprouted mossy fiber
synapses had distinct functional properties from mossy fiber-CAS3 synapses,
most notably a profound frequency-dependent synaptic depression, which was
most prominent in synapses emanating from adult-born dentate granule cells.
Additionally, granule cells born after seizures did not appear to make functional
excitatory synapses with other granule cells, despite the morphological

identification of boutons in the IML.

Materials and Methods
Animals

Homozygous Doublecortin-CreER™ transgenic mice (line F18, generously
supplied by Drs. Xuewen Cheng and Zhi-Qi Xiong; Cheng et al., 2010;
RRID:MGI:5438982) were maintained on a C56BI6/J background and crossed
with either homozygous Gt(ROSA)26SormoCAG-tdTematoHze (Ajg-
RRID:IMSR_JAX:007905) or Gt(ROSA)26Sorm32CAG-COPAHISAREYFPIHze (Aj3D.
RRID:IMSR_JAX:012569) Cre-reporter lines for imaging and physiology

experiments, respectively. Cre-mediated recombination was induced by
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administration of tamoxifen. To label newborn granule cells in adult mice,
tamoxifen (40 mg/kg in corn oil, i.p.) was administered twice daily for 5 days.
Neonatally-born granule cells were labeled with 2 injections of tamoxifen (20
mg/kg in corn ail, i.p.) 12 hours apart on post-natal day 6. Veterinary care was
provided by Oregon Health and Science University’s Department of
Comparative Medicine in an AAALAC-accredited vivarium, and all experiments
and animal care were performed in accordance with state and federal guidelines

and IACUC-approved protocols.

Seizure Induction

Two-month old male mice were pretreated with an intraperitoneal (i.p.)
injection of 1 mg/kg scopolamine methyl bromide (Sigma) to block the
peripheral cholinergic effects of pilocarpine. 20 minutes later, mice were treated
with 325 mg/kg i.p. pilocarpine (Cayman Chemicals) to induce seizures. Animals
were continuously monitored and seizures were graded on a modified Racine
Scale (Shibley and Smith, 2002). Status epilepticus (SE) was defined by a state
of continuous Grade 2 seizures following 3 or more Grade 3-5 seizures.
Following 2 hours of continuous SE, animals were given 10 mg/kg diazepam
(Sigma) to terminate seizures. Mice were given soft food and i.p. injections of 1
mL of 5% glucose in 0.45% normal saline every 12 hours until normal activity
resumed. Mice that did not develop SE were humanely euthanized; non-injected

littermates were used as controls. Although not quantified, mice treated with
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pilocarpine were noted to have spontaneous seizures in the months following

acute SE.

Immunofluorescence

4 month old mice were deeply anesthetized by inhalation of 4% isoflurane
followed by injection of 1 mL of 1.2% avertin (Sigma), and transcardially
perfused with 5 mL phosphate buffered saline (PBS) followed by 20 mL of 4%
paraformaldehyde-PBS (PFA-PBS). Mice were then decapitated, and brains
were removed and post-fixed overnight in 4% PFA-PBS. 50 pm coronal sections
were cut using a Leica VT1000S microtome and stored in PBS. Sections were
permeabilized and blocked with 0.4% triton-PBS (PBST) containing 10% normal
goat serum (NGS) for 90 minutes at room temperature. For BrdU birth-dating
experiments, slices were permeabilized by incubation in K*-containing PBST (K-
PBST) for 45 minutes, followed by 2N HCI K-PBST for 30 minutes at 37° C.
Following 3 x 15 minute washes in PBST, slices were incubated in PBST with
1.5% NGS and varying combinations of: 1:500 guinea-pig anti-ZnT3 (Synaptic
Systems Cat# 197 004, RRID:AB_2189667), 1:500 rabbit anti-DsRed (Clontech
Laboratories, Inc. Cat# 632496, RRID:AB_10013483), 1:500 mouse anti-GAD67
(Millipore Cat# MAB5406, RRID:AB_2278725), rat anti-BrdU (Abcam Cat#
AB6326, RRID:AB_305426), 1:400 guinea-pig anti-doublecortin (Millipore Cat#
AB2253, RRID:AB_1586992), or 1:400 rabbit anti-GFP AlexaFluor 488 conjugate
(Molecular Probes Cat# A-21311, RRID:AB_221477). Following overnight (18-24

hour) incubations at 4° C, slices were washed in PBST, and incubated with
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secondary antibodies: goat anti-guinea-pig AlexaFluor 488, goat anti-rabbit
AlexaFluor 568, goat anti-mouse AlexaFluor 647 (Life Sciences) at 1:500,
overnight at 4° C. Slices were then briefly washed in standard PBS, post-fixed in
4% PFA for 20 minutes, counter-stained with 1:30,000 DAPI, and mounted onto
slides with CMFR2 high-refractive index mounting media (Citifluor).

Standard confocal images were acquired from sections of the dorsal
hippocampus of perfusion-fixed DcxCre::tdT mice using a Zeiss LSM 780 with a
40x/1.4NA oil objective; super-resolution images were performed on a Zeiss
LSM 710 equipped with an AiryScan detector and 63x/1.NA oil objective. For
bouton counting experiments, 20 ym vertical z-stacks were captured at a 1024 x
1024 pixel density with 0.38 pm step width. Linear adjustments (brightness,
contrast, and intensity) were applied to the whole image in ImageJ/FIJI (NIH) to
aid in counting, and kept constant across samples. For each animal, the central
portion of the suprapyramidal blade of the dentate gyrus in 4 separate
hippocampal sections was imaged to include both the full GCL and IML cross-
section as well as portions of the MML and hilus. Only boutons that distinctly
colocalized with ZnT3 on all three imaging planes were counted as mossy fiber
boutons in the IML. tdTomato-positive cell bodies were counted if they were
fully located within the GCL of these images, as delineated with DAPI. IML
volume was calculated from three-dimensional renders and bouton volume
measurements were conducted using the surface render and analysis suite in
Imaris (Bitplane). Filopodia were manually identified from 3D renders as >1 pm

protrusion from the main bouton not connected to longer axonal fibers. Bouton
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measurements and tdT+ bouton density quantification was performed by an

experimenter blind to experimental group assignment.

Slice Preparation and Physiological Recordings

4 month old DcxCre::ChR2 mice used for ex vivo electrophysiology
experiments were deeply anesthetized with isoflurane and avertin as described
above, and transcardially perfused with ice-cold choline- or N-methyl-D-
glucamine (NMDG)-based solution, as during the course of this work we found
better cell preservation in slices prepared from NMDG-perfused animals (Ting et
al., 2014). We otherwise did not find any electrophysiologic differences that
resulted from a change in perfusion solution. Choline-based solution contained
(in mM):110 Choline ClI, 25 NaHCOs3, 10 Glucose, 7 MgCl,, 3 Na-Pyruvate, 2.4
KCIl, 1.3 Na-Ascorbate, 1.25 NaH,PO,*2H,0, and 0.5 CaCl,. NMDG-based
solution contained (in mM): 93 NMDG, 30 NaHCOs, 24 Glucose, 20 HEPES, 5
Na-Ascorbate, 5 N-Acetyl Cysteine, 3 Na-Pyruvate, 2.5 KCI, 2 Thiourea, 1.2
NaH,PO., 10 MgSO., and 0.5 CaCl,. Mice were then rapidly decapitated the
hippocampus was dissected, and 300 pm transverse hippocampal sections
were prepared in ice-cold perfusion solution using a Leica VT1200S vibratome.
For CAS recordings, hippocampal dissection was omitted and brains were cut
into 300 pm sagittal sections to preserve CA3 pyramidal cells and mossy fiber
axons. After choline-based preparation, slices were allowed to recover in warm
ACSF for 30 minutes followed by an additional 30 minutes at room temperature

prior to recordings. After NMDG-based preparation, sections were allowed to
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recover in warm NMDG-based cut solution for 15 minutes, followed by an
additional 45-minute recovery in standard ACSF at room-temperature.
Electrophysiological recordings were made with 3-5 MQ borosilicate
glass pipettes filled with Cs*-based internal solution: (in mM) 113 Cs-gluconate,
17.5 CsCl, 10 HEPES, 10 EGTA, 8 NaCl, 2 Mg-ATP, 0.3 Na-GTP, 0.05
AlexaFluor 568 (pH 7.3 adjusted with CsOH, osmolarity adjusted to 295 mOsm).
For voltage clamp experiments, QX-314-CI (5 mM; Tocris) was included in the
internal solution to block unclamped action potentials. Pipettes were wrapped
with parafilm to minimize pipette capacitance. Granule cells were identified and
patched using live IR-DIC microscopy, after a lack of ChR2-YFP expression in a
particular cell was confirmed using fluorescence microscopy. High resistance
seals (>5 GQ) were made and whole-cell recordings were obtained by applying
brief suction. A hyperpolarizing (-10 mV) voltage step was applied prior to each
sweep and used to monitor series resistance, input resistance, and cell
capacitance. Series resistance was not compensated; cells with a >30% change
in series resistance during experiments were excluded from analysis. All cells
were filled with 50 uM AlexaFluor 568 to confirm granule cell identity and to
verify the absence of hilar basal dendrites. For optogenetic stimulation, blue (1
ms, 470 nm, 8 mW/mm?) light was delivered through a 40x WI objective at 20
sec intervals, powered by LED (ThorLabs), targeted at the inner molecular layer
(for granule cell recordings) or stratum lucidum (for CA3 recordings). Al
experiments were performed in the presence of the GABAa-receptor blocker

SR95531 (10 uM; Ascent) to isolate excitatory currents and to avoid possible
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contamination of responses by feed-forward inhibition or any off-target labeling
of interneurons. Stimulation frequency was adjusted for frequency facilitation
and paired pulse facilitation experiments as stated in the text. For some CA3
recordings, electrical stimulation of mossy fiber axons in CA3 was accomplished
using a constant voltage stimulator (Digitimer, Inc.) and a bipolar electrode (FHC
Inc.) placed in stratum lucidum. Signals were amplified with an AxoClamp 200B
(Axon Instruments) amplifier, low-pass bessel filtered at 5 kHz, sampled at 10
kHz, and digitized with a National Instruments A/D board. Data were captured
with a custom script in Igor Pro 6 (Wavemetrics) for online and offline analysis
and further statistical analysis. For presentation, offline filtering was
accomplished with a 2 kHz Gaussian filter. Cells were voltage clamped to -70mV
for AMPAR-mediated response analysis, and to +40mV to unmask NMDAR-
mediated responses. AMPAR:NMDAR ratios were determined by measuring the
peak current in voltage clamp at -70 mV for the AMPAR-component and the
remaining current at 60 ms post-stimulus at +40 mV for the NMDAR-
component. Evoked responses were included if maximal current amplitude was
>5 pA within 20 ms of stimulus. Drugs were included in the ACSF when
indicated: NBQX (Ascent), 10 uM; SR95531 (Ascent), 10 uM; DCG-IV (Tocris), 1

M. The liquid junction potential was 8 mV and was uncorrected.

Experimental Design and Statistical Analysis
Statistical analysis was performed in Igor Pro 6 (Wavemetrics) and data

are presented as mean + SEM unless otherwise noted. T-tests were performed
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on continuous data containing 2 independent data sets. Experiments with 3 or
more data sets were compared with 1-way ANOVA with post-hoc Dunnett’s test
when compared to a control (Figure 2), or Tukey’s Test between groups (Figure
8). Fischer’s Exact test was used to compare categorical data. Unless otherwise
noted, data followed a binomial distribution and parametric tests were

performed. For all experiments, significance was determined at p < 0.05.

Results
Faithful pulse labeling of temporally distinct dentate granule cell cohorts
To analyze the structure and synaptic function of sprouted mossy fibers
from neonatally-derived and adult-born dentate granule cells, we used
transgenic Dcx-CreER™ mice (Cheng et al., 2011) to pulse label discrete,
temporally defined cohorts of immature granule cells. Crossed
DcxCreER™::Gt(ROSA)26Sor™mICAGtdTomatoize (Ajg) mice (henceforth referred to as
DcxCre::tdT mice) were given intraperitoneal (i.p.) injections of tamoxifen (TAM)
to initiate Cre-dependent tdTomato expression in immature granule cells. These
cells continue to express tdTomato after their maturation (Figure 1A-E). BrdU
co-labeling (Figure 1B), demonstrated that labeled cells were born during a two-
week window prior to TAM administration, consistent with the normal
expression pattern of doublecortin, which is high for the first 2-3 weeks after
granule cell mitosis (Brown et al., 2003). Labeling efficiency of granule cells born
during this two-week window was approximately 40%, with negligible labeling

of cells born even one week earlier or later (data not shown). Similar results
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were obtained with DcxCreER™::Gt(ROSA) 26Sorm32(CAG-COPAHISREYFRIHze (Aj3D)
mice (Figure 1F; henceforth referred to as DcxCre::ChR2).

Importantly, cell labeling in DexCreER™ mice occurs after neuronal
differentiation, such that following removal of TAM, pulse-labeled cells continue
to express reporter proteins while subsequently born dentate granule cells are
not labeled. Adult-born cells were never labeled in animals that had received
neonatal TAM, as assessed by Dcx co-staining (data not shown) or with BrdU
injections in adults (0.0% of adult-born BrdU+ cells labeled with ChR2-YFP in
DcxCre::ChR2 mice, n = 0/137 cells, 3 mice; see also (Villasana et al., 2015)).
Although all granule cell labeling was restricted to temporally-isolated cohorts, in
some animals we observed labeling of a few GAD+ interneurons in the hilus,
CA1, and CA3, as determined by GAD co-staining, cell location, and
morphology, in both epileptic and control mice, as previously observed (Cheng
et al., 2011; also see Stratum radiatum of region CAS in Figure 1C and D).

To examine mossy fiber synaptic function, we used optogenetics to
activate pulse-labeled granule cell cohorts in DcxCre::ChR2 mice (Figure 1G-J).
Short (1 ms) pulses of 470 nm blue light (8 mW/cm?) reliably produced
photocurrents (Figure 1G) and action potential firing (Figure 11) in ChR2-
expressing granule cells. ChR2+ granule cells demonstrated robust spike fidelity
during 1 Hz LED illumination (fidelity during a 50-pulse train: 96.1 + 1.2%,n =8
cells), but spike failures became evident during longer duration trains at higher
frequencies (>15 pulses at 20 Hz, data not shown). Photostimulation of CA3

stratum lucidum in hippocampal slices from labeled DcxCre::ChR2 animals
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evoked mossy fiber EPSCs in CA3 pyramidal cells, which were blocked by the
Group Il mGIuR agonist DCG-1V, as is typical for electrically evoked mossy fiber

EPSCs (Figure 11-J).

Adult-born granule cells sprout mossy fiber boutons after pilocarpine-
induced seizures

Retroviral labeling techniques have demonstrated that adult-born granule
cells contribute to mossy fiber sprouting after seizures (Jessberger et al., 2007;
Kron et al., 2010; Althaus et al., 2016); however, their functionality remains
unclear (Walter et al., 2007; Althaus et al., 2016). To determine how immature
adult-born granule cells respond to pilocarpine-induced status epilepticus (SE)
evoked at P60, we administered TAM to DcxCre::tdT mice one week prior to SE
so that the labeled cohort of adult-born granule cells was 1-3 weeks post-
mitosis during SE. Mice were examined 2 months later, when mossy fiber
sprouting becomes well established with this model (Figure 2A; (Cavalheiro et
al., 1996). To identify sprouted mossy fiber boutons in the inner molecular layer
(IML) of the dentate, we stained tissue with antibodies against Zinc Transporter
3 (ZnT3), a vesicular transporter protein highly enriched in mossy fiber terminals.

Despite sparse tdT+ granule cells in adult-labeled mice, there were
abundant tdT+/ZnT3+ boutons in the IML of DcxCre::tdT mice after SE (Figure
2B), indicating that granule cells born just before SE robustly contributed to
mossy fiber sprouting, consistent with prior reports (Jessberger et al., 2007;

Kron et al., 2010; Althaus et al., 2016). As expected, healthy control animals had
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abundant tdT+/ZnT3+ boutons in the hilus and CAS3, but had no mossy fiber
sprouting, evidenced by the lack of ZnT3 staining or tdT+ boutons in the IML
(Figure 2A, top, and Figure 1B, bottom). Super-resolution confocal images of
adult-born mossy fiber boutons (Figure 2C) were rendered and measured in 3
dimensions (Figure 2D), revealing that seizures altered mossy fiber bouton
morphology. Mossy fiber boutons in region CA3 had larger volumes in epileptic
mice (Figure 2E) than CA3 mossy fiber boutons in control (healthy) mice after
SE, whereas their sprouted counterparts in the IML were decreased in size
(Figure 2E). The surface area of sprouted boutons was also reduced (Figure 2F).
Mossy fiber terminals in healthy CA3 form filopodial extensions that directly
contact interneurons (Acsady et al., 1998). Interestingly, sprouted mossy fiber
boutons from adult-born granule cells had fewer filopodial extensions than their
CAS3 counterparts (Figure 2G), suggesting that sprouted mossy fiber boutons
may predominantly contact excitatory cells, as has previously been described

using electron microscopy (Buckmaster et al., 2002).

Adult-born granule cells drive recurrent excitation via sprouted mossy
fibers after SE

Sprouted mossy fibers are interspersed amongst other inputs to granule
cells and cannot be electrically stimulated as a distinct population, which has
limited their functional assessment. By selectively labeling granule cells in

DcxCre::ChR2 mice, we were able to optogenetically isolate sprouted mossy
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fiber inputs and thus directly analyze the function of sprouted synapses
originating from adult-born granule cells.

In whole-cell voltage clamp recordings from post-SE mouse brain slices
(Figure 3A), optogenetic stimulation of adult born granule cells often evoked
EPSCs in ChR2-YFP negative dentate granule cells (n = 15 of 28 cells), whereas
these responses were rarely observed in slices from healthy control animals (n =
2 of 15 cells; Figure 3B,C). These data are consistent with the formation of
functional recurrent synapses in epileptic mice (Tauck and Nadler, 1985) and
minimal granule cell-granule cell connectivity in the dentate gyrus of healthy
animals (Ribak and Shapiro, 2007). To determine whether these EPSCs truly
reflected the formation of monosynaptic granule cell-granule cell contacts, we
blocked polysynaptic activity with NBQX and optogenetically evoked NMDA
receptor (NMDAR)-mediated EPSCs at a holding potential of +40 mV. In
epileptic mice, monosynaptic NMDAR-mediated EPSCs were present in one-
third of granule cells tested (n = 5 of 15; Figure 3D), whereas these responses
were not observed in control animals (n = 0 of 15 cells). Sprouted mossy fiber
responses were strongly inhibited by DCG-IV, similar to LED-evoked mossy
fiber-CA3 (mf-CAS) responses in control animals (Figure 3E).

Monosynaptic, granule cell-granule cell EPSCs could either originate from
aberrantly sprouted mossy fiber synapses in the IML or alternatively from mossy
fiber synapses acquired by newly-formed hilar basal dendrites (Ribak et al.,
2000). To differentiate between these possibilities, granule cells were routinely

filled with Alexa Fluor 568 dye during recording, fixed, and imaged. In all cells
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imaged, all dendrites projected into the molecular layer, with no branches
detected in the hilus (0%, n = 15), unequivocally demonstrating that these de
novo monosynaptic EPSCs arose from retrogradely sprouted mossy fibers

forming synapses onto granule cell apical dendrites.

Functional properties of the sprouted mossy fiber synapse

Understanding the functional properties of sprouted mossy fiber
synapses is critical to determining their contribution to hyperexcitable circuit
formation in epilepsy. Although sprouted mossy fiber boutons are smaller than
their counterparts in CA3 (Figure 2), they are still much larger than typical CNS
synapses and thus might be expected to retain many of the properties of
healthy mossy fiber synapses in CA3. For example, mossy fiber synapses in
CAS have a low complement of post-synaptic NMDARs (Weisskopf and Nicoll,
1995). Surprisingly, however, sprouted mossy fiber responses had substantially
greater complement of NMDARs than mf-CA3 synapses in age-matched
healthy animals (AMPA:NMDA ratio: healthy mf-CA3, 2.87 + 0.43, n = 6;
sprouted mf, 1.06 + 0.21 n = 7; Unpaired t-test, p = 0.006; Figure 3F). The
finding that these new synapses contain many NMDARs is consistent with the
well-characterized increase in hippocampal hyperexcitabtility due to NMDAR
activation in epileptic tissue (Sutula et al., 1996; Lynch et al., 2000).

One of the most striking functional characteristics of mf-CA3 synapses is
a profound frequency-dependent presynaptic facilitation of glutamate release

(Salin et al., 1996). This phenomenon occurs with increased mossy fiber firing
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frequency, and therefore if sprouted mossy fibers possessed a similar form of
short-term plasticity, they could strongly contribute to recurrent excitatory
network activation. Surprisingly, however, sprouted mossy fiber synapses did
not exhibit frequency-dependent facilitation during higher frequency (1 Hz)
stimulation, but instead displayed frequency-dependent synaptic depression
(Figure 4A and 4B).

This frequency-dependent synaptic depression could be due to altered
release probability (P;) at the sprouted mossy fiber synapse. Consistent with this
possibility, sprouted mossy fiber synapses had a decreased paired-pulse ratio
(PPR) compared to mf-CA3 connections (Figure 4C and 4D), suggesting an
increased initial P,, in stark contrast with the well-characterized low P, of mf-CA3
synapses (Bischofberger et al., 2006). Together, these data indicate that
sprouted mossy fiber synapses have distinctly different release properties from

healthy mf-CAS3 synapses.

Sprouted mossy fibers from mature cells form functional monosynaptic
connections with granule cells

Despite post-natal neurogenesis in the dentate gyrus, the majority of
granule cells are born neonatally (Kuhn et al., 1996). Studies examining whether
these mature cells contributed to mossy fiber sprouting have yielded conflicting
results (Kron et al., 2010; Althaus et al., 2016), raising the question of whether

this population of cells contributes to recurrent excitatory circuit formation.
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Thus, we sought to determine whether cells born during neonatal development,
contributed to functional mossy fiber sprouting.

To identify sprouted mossy fiber boutons from neonatally-born granule
cells, we labeled these cells by administering TAM to DcxCre::tdT mice at P6, so
the labeled cells would be fully mature at the onset of SE (P60). TAM injections
at P6 labeled on average 346,200 + 70,300 granule cells/mm?, (n = 4 mice;
Figure 1C), comparatively greater than the labeling in adult mice (19,600 + 3,400
granule cells/mm?®, n = 4 mice; Figure 1D), consistent with the known age-related
decline in neurogenesis (Kuhn et al., 1996). First, we stained tissue from
DcxCre::tdT mice with anti-ZnT3 antibodies two months after pilocarpine-
induced SE, to assess whether any of the neonatally-born cells contributed to
mossy fiber sprouting. As shown in Figure 5A, we found a substantial number
of tdT+/ZnT3+ sprouted mossy fiber boutons in the IML, indicating that
neonatally born granule cells contributed to mossy fiber sprouting.

In whole cell voltage clamp recordings from unlabeled granule cells in
slices from neonatally-labeled DcxCre::ChR2 mice, 76% of dentate granule cells
had optogenetically-evoked AMPAR-mediated EPSCs (average EPSC, cells with
response: -81.6 + 13.3 pA, n = 13 of 17 cells; Figure 5B-D). In the presence of
NBQX to block polysynaptic activity, we again confirmed that sprouted mossy
fiber EPSCs arose from monosynaptic granule cell — granule cell synapses
(Figure 5E and 5F). These EPSCs were blocked by DCG-IV (Figure 5B and 5E),
and no hilar basal dendrites were observed in granule cells filled with Alexa Fluor

568 dye (n = 0 of 13 cells), together confirming that the optogenetically-evoked
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EPSCs derived from sprouted mossy fiber synapses. Sprouted mossy fiber
synapses from these cells also had significantly increased NMDAR-mediated
transmission (Figure 5G), paired pulse depression (Figure 5H), and frequency-
dependent synaptic depression at 1 Hz (Fig 51) when compared with mossy fiber
responses in recorded in region CA3 from healthy (control) mouse slices.
Together, our data definitively demonstrate that neonatally-born granule cells
sprout mossy fiber axons into the IML after seizures, and that these fibers form

functional recurrent excitatory synapses.

Adult-born sprouted mossy fibers have diminished ability to sustain
recurrent excitation

Sprouted mossy fiber synapses from both mature and adult-born granule
cells shared many of the same functional properties, including similar
AMPAR:NMDAR ratios (Mature, 1.38 = 0.35, n = 7; Adult-born, 1.05 + 0.20, n =
8; Unpaired t-test, p = 0.443), block by the Group [l mGIuR agonist DCG-IV
(Figure 6A), and paired-pulse depression (Figure 6B). Notably, although both
adult-born and neonatally-born granule cells exhibited frequency-dependent
depression of sprouted mossy fiber synaptic responses (Figure 6C), this was
much more pronounced at synapses formed by adult-born granule cells (Figure
6D), despite similar presynaptic release probabilities (Figure 6B) and EPSC
kinetics (single exponential decay: Mature, T = 10.4 + 0.9 ms, n = 8; Adult-born,
12.3 £ 1.6 ms, n =7, p = 0.32). The enhanced synaptic depression of adult-born

cells occurred at the onset of higher frequency stimulation (1 Hz) and was
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sustained throughout the 50 pulse train (Figure 6D). Thus, recurrent excitatory
synapses from adult-born granule cells were less able to sustain repetitive

activation than their neonatally-derived counterparts.

No functional sprouted synapses from granule cells born after SE

Hippocampal neurogenesis is increased by seizures, and granule cells
born after SE contribute to mossy fiber sprouting, albeit with some delay (Kron
et al., 2010; Althaus et al., 2016). We examined whether synapses from cells
born after SE shared similar functional properties with other sprouted mossy
fiber synapses. We pulse-labeled granule cells born after pilocarpine-induced
SE in DcxCre mice, by administering TAM 2 weeks after SE. Despite the
presence of tdT-labeled sprouted mossy fiber synapses from this cohort of cells
in DcxCre::tdT mice (Figure 7A), we were not able to optogenetically evoke any
sprouted mossy fiber EPSCs when we examined acute slices from this same
cell cohort in DcxCre::ChR2 mice (response frequency: post-SE, 0%, n = 0 of 18
cells; pre-SE, 54%, 15 of 28 cells; pre-SE vs. post-SE p < 0.0001, Fisher’s Exact
Test; Figure 7B and 7C).

Because the circuit impact of sprouted mossy fibers depends on when
the respective granule cells from which they derived were born (Figures 6 and 7),
we attempted to roughly determine the relative contribution of the different
granule cell cohorts (neonatally born, adult-born prior to SE, adult-born after SE)
to mossy fiber sprouting. Using confocal microscopy to examine thin optical

sections (0.38 pm) of tissue from DcxCre::tdT mice, we found comparable
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densities of tdT+ sprouted mossy fiber boutons in slices labeled at the
corresponding timepoints for each cohort of granule cells (Figure 8A-D) despite
marked differences in the number of labeled cells across cohorts (Figure 1C-D).
We calculated a "sprouting ratio" for each animal, defined as the ratio of
tdT+/ZnT3+ mossy fiber bouton density in the IML to the density of tdT+ labeled
granule cells in the granule cell layer, to represent the relative likelihood that a
cell from a given cohort formed sprouted boutons. The sprouting ratio of either
cohort of adult-born granule cells was significantly higher than that of
neonatally-born granule cells (Figure 8E), suggesting these cells may be the

most likely to sprout.

Discussion

Here, we demonstrate that both neonatally-born and adult-born granule
cells generate sprouted mossy fibers and form functional monosynaptic
excitatory granule cell-granule cell connections. Sprouted synapses had
strikingly different functional properties than mf-CA3 synapses in healthy brains,
despite retaining similar morphological characteristics. Adult-born granule cells
generated just before SE were most susceptible to developing sprouted fibers,
and had more pronounced functional changes than sprouted synapses formed

by granule cells generated neonatally.

Divergence of function in sprouted mossy fiber boutons

48



Mossy fiber-CA3 synapses in healthy tissue form potent synapses onto
proximal CAS3 dendrites, and tend to dramatically facilitate in response to
repetitive stimulation (Salin et al., 1996), leading to their designation as
"detonator" synapses that can drive CA3 cell spiking in response to activity at a
single synapse (Henze et al., 2002; Sachidhanandam et al., 2009; Vyleta et al.,
2016). Thus, recurrent mossy fiber synapses with these properties could easily
drive synchronized granule cell discharges through recurrent circuits, and upon
repetitive activation, lead to ever-increasing positive feedback. Our data,
however, suggest that sprouted mossy fiber synapses rapidly fatigue during
repetitive activation, as evidenced by their paired-pulse depression and 1 Hz
frequency-dependent depression, which would be expected to dampen the
ability of these synapses to drive multiple rounds of recurrent excitation.
However, sprouted mossy fiber synapses might still be able to potently drive
granule cell spiking due to the epilepsy-induced increase in post-synaptic
kainate receptor expression in granule cells (Epsztein et al., 2005; Artinian et al.,
2011). Slower kinetics of kainate receptor-mediated EPSPs could enhance
temporal summation and contribute to granule cell firing (Sachidhanandam et
al., 2009), which might explain the demonstrated involvement of kainate
receptors and sprouted mossy fibers in driving epileptiform activity and
spontaneous seizures (Peret et al., 2014; Kourdougli et al., 2017).

The epileptic environment of the hippocampus may also play a role in
determining presynaptic mossy fiber function. In our model, we could not

directly compare mossy fiber physiology at sprouted synapses with that at
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mossy fiber-CA3 synapses in epileptic animals, due to a paucity of surviving
CAS cells in our model (Nadler et al., 1980; Mello et al., 1993). Sprouted mossy
fiber boutons are somewhat smaller than CA3-targeted boutons in both epileptic
and healthy animals (Figure 2; also seeFrotscher and Zimmer, 1983; Represa et
al., 1993; Danzer et al., 2009), consistent with the concept that post-synaptic
specification may play some role in determining pre-synaptic functional
parameters (Toth et al., 2000), which may partially account for our observed
functional divergence. However, using a different model of temporal lobe
epilepsy (intraperitoneal kainic acid injections) and field EPSP recordings,
Goussakov et al. (2000) observed a loss of both paired pulse facilitation and
high-frequency dependent facilitation at mossy fiber-CA3 synapses in epileptic
rats compared to mossy fiber-CA3 synapses in healthy animals. Given the
similarities between our results and those found by Goussakov et al. (2000), the
increased P, that we observed at sprouted mossy fiber synapses might be a
general property of all mossy fiber synapses in an epileptic environment. The
mechanisms underlying altered P: likely involve complex interactions between
expression and phosphorylation of pre-synaptic proteins, neuromodulatory
factors, and the potentiation state of synapses, all of which could broadly alter

synaptic function in the epileptic brain.

Consequences of sprouted mossy fiber activity on hippocampal

hyperexcitability
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The intermingling of sprouted mossy fibers with other granule cell inputs
has impeded our understanding of their impact on neural network dynamics in
epileptic brains, and functional evidence that sprouted mossy fibers form
recurrent excitatory synapses has long relied upon indirect, albeit elegantly
designed, experiments. The presence/absence of mossy fiber sprouting has
been correlated with abnormal responses of granule cells to antidromic
hilar/CA3 stimulation (Tauck and Nadler, 1985; Wuarin and Dudek, 1996;
Okazaki et al., 1999), suprathreshold perforant pulse stimulation (Cronin et al.,
1992; Golarai and Sutula, 1996; Masukawa et al., 1996; Patrylo et al., 1999),
focal glutamate application (Wuarin and Dudek, 1996; Lynch et al., 2000), or
glutamate uncaging in the granule cell layer (Molnar and Nadler, 1999; Wuarin
and Dudek, 2001). Using paired recordings of granule cells, Scharfman et al.
(2003b) observed putative monosynaptic granule cell — granule cell connectivity
in epileptic rats with seizure-induced mossy fiber sprouting. However, disynaptic
pathways remained intact, and although response latencies were appropriately
short (4 ms), there remained the possibility that some evoked EPSPs were
polysynaptic. Regardless, the low connection probability between any two
granule cells (6 connected in 902 pairs) and inability to perform voltage clamp
recordings in these experiments precluded functional characterization of these
synapses.

By pulse-labeling and optogenetically stimulating granule cell cohorts, we
bulk-activated sprouted synapses, dramatically improving our ability to directly

study the connections formed by these fibers. This selective stimulation of
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sprouted mossy fiber synapses eliminates the need to use paired recordings
selectively stimulate pre-synaptic granule cells, and as such, allowed us to
characterize sprouted mossy fiber function in a direct manner to more precisely
determine its impacts on the hippocampal circuit.

Despite the potential for recurrent mossy fiber synapses to drive seizure
activity, questions have been raised regarding the involvement of sprouted
mossy fibers in the occurrence of spontaneous seizures in epilepsy
(Buckmaster, 2014). In some studies, suppression of mossy fiber sprouting with
rapamycin reduced seizure frequency (Zeng et al., 2009; Huang et al., 2010).
However, rapamycin has multiple other effects (Wong, 2013) and does not
reduce seizure frequency when sprouting is diminished but remains present at a
lower level (Buckmaster and Lew, 2011; Heng et al., 2013). Additionally, both the
nature of the synaptic connection (excitatory vs. inhibitory; (Gutiérrez, 2000), as
well as the targets of the sprouted mossy fibers (Sloviter et al., 2006a) have
been questioned. Although our results demonstrate that mossy fibers form
recurrent excitatory connections with other granule cells, the propagation of this
activity out of the dentate gyrus might only occur in association with additional
pathology such as the loss of various interneuron populations (Sloviter, 1987;
Doherty and Dingledine, 2001), and sprouting into CA2 (Althaus et al., 2016;
Haussler et al., 2016), any of which could be critical for the occurrence of

spontaneous generalized seizures.

Significance of adult-born granule cells in the epileptic hippocampus
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Consistent with prior work (Jessberger et al., 2007; Kron et al., 2010;
Althaus et al., 2016), our results demonstrate that adult-born granule cells
robustly contribute to mossy fiber sprouting, and form functional recurrent
synapses (Figure 2 and 8). However, neonatally-born neurons also contributed
substantially to sprouting, consistent with some reports (Parent et al., 1999;
Althaus et al., 2016) but not others (Kron et al., 2010). These discrepancies
could have resulted from the possibility that only a small proportion of
neonatally-born cells sprout, or from differences in the detection of sprouted
mossy fibers between various labeling techniques (Althaus et al., 2016). The
ability of all cohorts of granule cells to form sprouted mossy fibers may explain
why potent suppression of neurogenesis (Parent et al., 1999; Cho et al., 2015;
Hosford et al., 2016) failed to block mossy fiber sprouting, and why inhibition of
neurogenesis at earlier time points was only partially successful (Kron et al.,
2010).

Considering the increase in neurogenesis after seizures (Parent et al.,
1997; Jessberger et al., 2005; Parent et al., 2006; Jessberger et al., 2007), it
seems likely that ongoing generation of adult-born granule cells leads to a
continual accumulation of sprouted mossy fibers, which is further worsened by
the recurrence of seizures in epileptic animals. However, although adult
neurogenesis may continue to drive the accumulation of sprouted mossy fiber
synapses over time, the enhanced frequency-dependent depression of these
adult-born synapses may mitigate their contribution to hyperexcitability.

Interestingly, disruption of adult neurogenesis reduced seizure frequency while
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simultaneously increasing seizure duration (Hosford et al., 2016), further
indicating that the role of adult-born granule cells in epileptogenesis is likely
dualistic.

A surprising result was our inability to observe functional sprouted mossy
fiber responses from granule cells born after SE (Figure 7), despite the presence
of robust morphologic mossy fiber sprouting by these cells. This observation
could be related to the previously described delay in the formation of
anatomically detectable sprouted mossy fiber synapses by this population of
cells (Kron et al., 2010), which could then lead to a delay in their functional
activation. Although adult-born cells form functional output synapses as early as
two weeks post-mitosis in healthy brains (Gu et al., 2012), fibers from cells born
after SE likely arrive in the IML later than those from previously existing granule
cells, further delaying their maturation. However, if these synapses remain
unable to drive recurrent excitation, and sprouted boutons from adult-born
neurons continue to accumulate over time, the majority of the recurrent
synapses in the IML would be the least capable of sustaining repeated

activation or could even remain functionally silent.
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Figure 1. Transgenic pulse labeling of granule cell cohorts.

(A) Approach used to pulse-label temporally-defined cohorts of dentate granule
cells in DcxCreER™ transgenic mice. In the absence of tamoxifen (TAM),
reporter genes are not expressed. Tamoxifen administration causes genetic
recombination and marker gene expression (red) in immature neurons (gray),
which persists after these cells mature. Cells born after TAM are not labeled.
(B) BrdU/tdTomato (tdT) co-labeling in DcxCre::tdT mice. Mice were given BrdU
injections to label mitotic cells at different time points relative to tamoxifen
injections. Cells born prior to TAM (BrdU 6 days pre-TAM) co-label with tdT.

Cells born after TAM (BrdU 3 days post-TAM) are not co-labeled.
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(C) Neonatal (P6) TAM administration broadly labels mature dentate granule cells
and mossy fiber axons in the adult (P120) DcxCre::tdTomato mouse (tdT; red).
Mossy fiber terminals are labeled with ZnT3 (green) and nuclei with DAPI (blue).
(D) Adult-born granule cells are permanently labeled when TAM is administered
to adult DcxCre::tdT mice. Image is from a mouse that received TAM at 2
months of age, and was imaged at 4 months of age.

(E) TAM was administered to adult DcxCre::tdT mice, and brains were fixed and
stained at varying time intervals thereafter. At early time points (5-12 days post-
TAM), tdTomato-marked cells (tdT; red) are immature, and co-label with the
immature neuronal marker Doublecortin (Dcx; green). By 26 days post-TAM, co-
staining of tdT+ cells with the immature marker Dcx completely disappears, and
tdT+ cells assume a mature morphology, indicating that pulse-labeled cells have
matured and that no younger cells were labeled.

(F) DcxCre::ChR2 mice express ChR2-YFP in dentate granule cell dendrites,
somata, and mossy fiber axons following TAM administration. 20x confocal
stack image of endogenous ChR2-YFP signal in the dentate granule cell layer
from a 4 month-old animal given TAM at 2 months. ML: molecular layers, GCL:
granule cell layer.

(G) LED stimulation (blue arrows; 1 ms, 8 mW/cm?) reliably evokes photocurrents
in ChR+ granule cells (bottom; blue), but not adjacent ChR- granule cells (top;
black) in healthy mice during whole-cell voltage clamp recordings. Average

traces are overlaid onto 10 individual sweeps (gray).
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(H) Reliable spiking of granule cells after LED stimulation (blue arrows) is
observed in cell-attached mode. 10 consecutive sweeps are overlaid.

() Experimental design for alternating optogenetic and electrical stimulation of
mf-CA3 pyramidal cell synapses in DcxCre::ChR2 mice. Whole cell recordings
were obtained from CA3 pyramidal cells in 4-month-old mice, while stimulating
mossy fibers electrically or optogenetically in statum lucidum. TAM was given
neonatally to label mossy fiber axons.

(J) Time course of EPSC inhibition by bath application of DCG-IV. Mossy fiber
EPSCs elicited by LED or bipolar electrode stimulation in stratum lucidum follow
similar timecourse of blockade upon wash-in of 1 yM DCG-IV (% EPSC
amplitude of baseline following 15-minute drug wash-in, electrical stimulation:
26.0 + 5.2%, n = 6; optogenetic stimulation: 14.1 + 4.6%,n=7, p =0.3,

unpaired t-test). Data represented as average + SEM.
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Figure 2. Adult-born granule cells sprout mossy fiber boutons following
pilocarpine-induced SE.

(A) Mice treated with pilocarpine to induce status epilepticus (SE; bottom), but
not control mice (top), have dense mossy fiber sprouting in the inner molecular
layer (IML; arrow) of the dentate gyrus, as measured by ZnT3 immunoreactivity
(green). Granule cell nuclei are marked with DAPI (blue).

(B) Representative confocal images from tdT-labeled adult-born granule cells
(red) in DcxCre::tdT mice given tamoxifen (TAM) 1 week prior to SE demonstrate
robust mossy fiber sprouting from these cells. Dashed box indicates
corresponding locations from compressed stack image (left) represented in
orthogonal single plane projection (right). Mossy fiber terminals are labeled with

ZnT3 (green) and nuclei with DAPI (blue).
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(C) Super-resolution images of tdT+ boutons from adult-born cells in healthy
CAS (top) and in epileptic mouse IML (bottom).

(D) Three-dimensional rendering of mossy fiber boutons.

(E) Measurements of mossy fiber bouton volume determined from 3-dimensional
rendering. Mossy fiber bouton volume is greater in boutons from CA3 in
epileptic animals, but sprouted mossy fiber boutons in the IML have decreased
volume (control CA3 vs. epileptic CAS3, p = 0.0006; control CA3 vs. epileptic IML,
p < 0.0001; n =21, 27, 36 for healthy CA3, epileptic CA3, and epileptic IML
respectively; ANOVA with Dunnett’s test).

(F) Mossy fiber boutons in epileptic IML have decreased surface area (control
CAB vs. epileptic CA3, p = 0.99; control CA3 vs. epileptic IML, p = 0.0007;
ANOVA with Dunnett’s test).

(G) The average number of filopodia emanating from sprouted mossy fiber
boutons is significantly lower than the number of filopodia from boutons in
healthy mice (healthy CA3 vs. epileptic IML, p = 0.015, ANOVA with Dunnett’s

test). All data represented as average = SEM. * p < 0.05, ** p <0.001
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Figure 3. Sprouted mossy fibers from adult-born granule cells make
monosynaptic excitatory connections with granule cells in pilocarpine
treated mice.

(A) Experimental design for the recording of sprouted mossy fiber responses
from adult-born granule cells. DcxCre::ChR2 mice received TAM to label granule
cells that were immature at the time of SE; 2 months later, recordings were
made from unlabeled granule cells. Timeline depicts the two week birth-dating
window (orange) for labeled granule cells relative to TAM, SE and
electrophysiologic analysis.

(B) Representative whole-cell voltage clamp traces from ChR2-negative dentate

granule cells in adult-labeled control (top) and epileptic (bottom) mice during
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optogenetic stimulation (1 ms, blue arrow) of labeled adult-born cells.
Optogenetically-evoked EPSCs (0EPSCs) were rarely observed in healthy
control animals (n = 2 of 15 cells).

(C) Cumulative probability plot for functional sprouted mossy fiber innervation by
adult-born neurons, demonstrating infrequent responses in control cells (n = 2 of
15 cells), but higher likelihood of responses in animals that had SE (n = 15 of 28
cells; p = 0.02, Fisher’s Exact Test).

(D) Sprouted mossy fibers from cells born shortly before SE formed functional
monosynaptic excitatory connections with other granule cells. Monosynaptic
currents were isolated in the presence of NBQX (10 uM) to block polysynaptic
activity, while holding the target cell at +40 mV to unblock NMDARs.
Monosynaptic responses were observed in n = 5 of 15 cells from epileptic mice,
and in 0 of 15 cells from control mice.

(E) Sprouted mossy fiber currents were strongly inhibited by DCG-IV, similar to
optogenetically evoked currents in healthy DcxCre::ChR2 mice in CA3 (% block
by DCG-IV: control mf-CAS3: n = 6 cells; sprouted mf, n = 6 cells).

(F) Representative EPSCs from healthy-CA3 (black traces) and sprouted mossy
fiber synapses (red traces) at holding potentials of -70 mV and +40 mV.
Overlaid, peak-scaled traces (right) show relative increased NMDAR activation
at sprouted mossy fiber synapses (red trace) compared with that of healthy mf-
CAS3 synapses (black trace). Sprouted mossy fiber synapses had a significantly

decreased AMPA:NMDA ratio compared with healthy mossy fiber synapses
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(AMPA:NMDA ratio: healthy mf-CA3, 2.87 + 0.43, n = 7; sprouted mf, 1.06 =
0.21,n =7, t-test, p = 0.006).

*p <0.05
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Figure 4. Short-term plasticity of sprouted mossy fiber synapses.

(A) Example traces comparing oEPSCs recorded from healthy mf-CA3 (left) and
sprouted mossy fiber-granule cell (right) synapses during 0.05 Hz (black traces)
and 1 Hz optogenetic stimulation (gray traces), taken from timepoints
represented by the corresponding numbers in (B).

(B) Binned oEPSC amplitudes (normalized to baseline) from sprouted mossy
fiber synapses onto granule cells (red) and healthy mf-CA3 synapses (black)
recorded at 0.05 Hz and 1 Hz stimulation frequencies. Sprouted mossy fibers
exhibit frequency-dependent depression whereas mf-CA3 connections exhibit
frequency-dependent facilitation (control mf-CAS, n = 6; sprouted mossy fibers,
n = 10; p = 0.0004, unpaired t-test).

(C) Example traces from paired-pulse experiments demonstrate short-term
depression at sprouted mossy fiber synapses (right), in contrast to the paired-

pulse facilitation typical of healthy mf-CA3 synapses (left).
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(D) The paired-pulse ratio (100 ms interval) was significantly less at sprouted
mossy fiber synapses after SE when compared with mf-CA3 responses (EPSC,
/EPSC1: healthy CAS, n = 6; sprouted synapses, n = 6; unpaired t-test, p =

0.0011). All data represented as average + SEM. ** p < 0.01
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Figure 5. Neonatally-born granule cells contribute to functional mossy fiber
sprouting.

(A) Representative confocal images of tdT-labeled neonatally-born granule cells
(red) in DcxCre::tdT animals given TAM at P6 demonstrate mossy fiber sprouting
from these cells. Dashed box indicates corresponding locations from
compressed stack image (left) represented in an orthogonal single plane
projection (right). Mossy fiber terminals are labeled with ZnT3 (green) and nuclei

with DAPI (blue).
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(B) Representative averaged evoked responses recorded from ChR2-negative
granule cells in control (top) and epileptic (bottom) neonatally-labeled
DcxCre::ChR2 animals during optogenetic stimulation of ChR2-expressing
granule cells. Gray trace is the average evoked oEPSC following wash-in of 1
puM DCG-IV.

(C) In the subset of cells with an observable optogenetically-evoked response,
average oEPSC amplitude was substantially greater in recordings from epileptic
mice (Control, n = 2 cells; epileptic, n = 13 cells; p = 0.004, unpaired t-test).

(D) Cumulative probability plot for the occurrence of oEPSCs in control (black)
and epileptic (red) mice recorded while voltage-clamping the recorded cell to -
70mV. EPSCs from granule cells in epileptic mice were substantially larger and
more frequent than those found in controls (response likelihood: Control, 2 of 15
cells with oEPSC; Epileptic, 13 of 18 cells with oEPSC, Fisher’s Exact Test, p =
0.0013).

(E) Monosynaptic sprouted granule cell-granule cell synapses were only
observed in pilocarpine-treated mice (bottom trace), and not in controls (top
trace). Monosynaptic NMDAR-mediated currents were recorded from cells
voltage clamped to +40 mV, while blocking polysynaptic responses with NBQX
(10 uM).

(F) Probability of monosynaptic granule cell — granule cell connections. Neither
of the two control cells that had oEPSCs depicted in (C) had an NMDAR-
mediated response in the presence of NBQX, suggesting that these responses

were polysynaptic. 8 cells assayed at +40mV in epileptic mice had a
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monosynaptic recurrent connection. (Control: 0 of 15 cells; Epileptic: 8 of 13
cells; p = 0.011, Fisher’s Exact Test).

(G) Representative EPSCs from sprouted mossy fiber synapses (left) at holding
potentials of -70 mV and +40 mV. Mean AMPAR:NMDAR ratios (right)
demonstrate a significantly increased relative NMDAR-mediated contribution at
sprouted mossy fiber synapses (AMPAR:NMDAR ratio: healthy mf-CA3, n = 6;
sprouted mf, n = 7; p = 0.022, unpaired t-test).

(H) Paired-pulse depression at sprouted mossy fiber synapses from neonatally-
born granule cells (left). The mean paired-pulse ratio (right; 100 ms interval) was
significantly less at sprouted mossy fiber synapses after SE when compared
with mf-CA3 responses (EPSC, / EPSC;: healthy mf-CAS, n = 6; sprouted mf, n
= 9; unpaired t-test, p = 0.02).

() Example traces (left) of sprouted mossy fiber-granule cell synapses during
0.05 Hz (black traces) and 1 Hz stimulation (gray traces) of neonatally-born
granule cells from post-SE mice. Sprouted mossy fibers exhibit frequency-
dependent depression whereas mf-CA3 connections exhibit frequency-
dependent facilitation (right) (control mf-CA3, n = 6; sprouted mf, n = 8; p <
0.001, unpaired t-test). All data presented as average + SEM. * p < 0.05, "™ p <

0.01, ** p < 0.001
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Figure 6. Sprouted mossy fiber synapses made by adult-born granule cells
have enhanced short-term depression compared to those from neonatally-
born cells.

(A) Sprouted mossy fiber synapses from neonatally-born and adult-born granule
cells have comparable block by 1 uM DCG-IV (%EPSC: Neonatal, n =5; Adult-
born, n = 7; Unpaired t-test, p = 0.4).

(B) Comparable paired-pulse depression in sprouted mossy fiber synapses from
both neonatally-born and adult-born granule cells (PPR: Neonatal, n = 7; Adult-
born, n = 7; Unpaired t-test, p = 0.2).

(C) Example frequency-dependent depression of sprouted mossy fiber oEPSCs
from neonatally-born (left) and adult-born (right) granule cells upon 1 Hz

stimulation. Baseline stimulation was 0.05 Hz. Vertical scale between cells are
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normalized to the amplitude of the first EPSC; all responses for each cell are on
the same vertical scale.

(D) Sprouted synapses from adult-born granule cells displayed enhanced short-
term depression compared to cells born neonatally. Average steady-state (last
10 traces) EPSC depression from baseline was significantly greater in synapses
from adult-born granule cells (Neonatal: n = 8, Adult-born: n = 6; p = 0.007,

Unpaired t-test). All data represented as average + SEM. ** p < 0.01
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Figure 7. Sprouted mossy fiber synapses from granule cells born after
seizures do not form functional excitatory synapses by 2 months after SE.
(A) Representative confocal images from tdT-labeled adult-born granule cells
(red) in animals given TAM after SE demonstrate robust mossy fiber sprouting
from cells born after SE. Dashed box indicates corresponding location from
compressed stack image (left) represented in orthogonal single plane projection
(right). Mossy fiber terminals are labeled with ZnT3 (green) and nuclei with DAPI
(blue).

(B) Representative whole-cell voltage clamp traces from unlabeled dentate
granule cells during stimulation of ChR2-expressing granule cells in adult-
labeled healthy control mice (top), from adult-born cells generated prior to SE

(mice given TAM pre-SE; middle), and granule cells born after SE (mice given
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TAM 2 weeks post-SE; bottom). oEPSCs were not observed during stimulation
of granule cells born after SE. Scale is identical for all traces.

(C) Cumulative probability plot for functional sprouted mossy fiber innervation by
adult-born neurons, demonstrating no responses from ChR2-positive granule
cells born post-SE (n = 0 of 18 cells), with frequent sprouted mossy fiber-
mediated responses from ChR2-positive adult-born cells born pre-SE (n = 15 of

28 cells; p < 0.0001, Fisher’s Exact Test). *** p < 0.001
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Figure 8. Adult-born granule cells are more likely to form sprouted mossy
fiber boutons than neonatally-born granule cells.

(A) Example compressed 20 pym confocal stack of tdT-labeled, neonatally-born
granule cells (red) from pilocarpine-treated DcxCre::tdT mice (left). Sprouted
tdT+ boutons were identified using thin confocal sections and co-labeling with
ZnT3 (as in Figure 5A) and the localization of sprouted mossy fiber boutons
(tdT+/ZnT3+) in this stack is represented by black dots (shown on right). ZnT3

staining omitted for clarity.
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(B) Example compressed confocal stack of tdT-labeled, adult-born granule cells
born pre-SE (red) from pilocarpine-treated DcxCre::tdT mice (left) and
corresponding localization of sprouted (tdT+ZnT3+) mossy fiber boutons (black
dots, right).

(C) Example compressed confocal stack of tdT-labeled, adult-born granule cells
born post-SE (red) from pilocarpine-treated DcxCre::tdT mice (left) and
corresponding localization of sprouted (tdT+ZnT3+) mossy fiber boutons (black
dots, right).

(D) Sprouted tdT+ bouton density in the IML after SE is similar across all labeling
cohorts despite dramatic differences in the density of labeled neurons (bouton
density: Control, n = 5 mice; Neonatal, n = 6; Pre-SE, n = 4; Post-SE,n=4; p =
0.6, two-tailed ANOVA between Neonatal, Pre-SE, Post-SE). Controls did not
have any sprouting (Control, n = 5 mice).

(E) Granule cells from adult-born cells had significantly more sprouted boutons
per labeled neuron, represented as an increase in their sprouting ratio (sprouted
bouton density/labeled cell density; Control, n = 5 mice, Neonatal, n = 6; Pre-
SE, n = 4; Post-SE, n = 4; Neonatal vs. Pre-SE, p < 0.002; Neonatal vs. Post-SE,
p < 0.05, ANOVA with Tukey’s test; no difference between Pre-SE and Post-SE,

p = 0.08).
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Abstract

In temporal lobe epilepsy, sprouting of hippocampal mossy fiber axons
onto dentate granule cell dendrites creates a recurrent excitatory network.
However, unlike mossy fibers projecting to CA3, sprouted mossy fiber synapses
depress upon repetitive activation. Thus, despite their proximal location,
relatively large presynaptic terminals, and ability to excite target neurons, the
impact of sprouted mossy fiber synapses on hippocampal hyperexcitability is
unclear. We find that despite their short-term depression, single episodes of
sprouted mossy fiber activation in hippocampal slices initiated bursts of
recurrent polysynaptic excitation. Consistent with a contribution to network
hyperexcitability, optogenetic activation of sprouted mossy fibers reliably
triggered action potential firing in postsynaptic dentate granule cells after single
light pulses. This pattern resulted in a shift in network recruitment dynamics to
an “early detonation” mode and an increased probability of release compared to
mossy fiber synapses in CA3. A lack of tonic adenosine-mediated inhibition
contributed to the higher probability of glutamate release thus facilitating

reverberant circuit activity.

Significance Statement

Sprouted mossy fibers are one of the hallmark histopathological findings
in experimental and human temporal lobe epilepsy. These fibers form recurrent
excitatory synapses onto other dentate granule cells that display profound

short-term depression. Here, however, we show that although these sprouted
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mossy fibers weaken substantially during repetitive activation, their initial high
probability of glutamate release can activate reverberant network activity.
Furthermore, we find that a lack of tonic adenosine inhibition enables this high

probability of release and, consequently, recurrent network activity.

Introduction

Mossy fibers contacting CA3 pyramidal cells have a low probability of
release (P,), but show profound short-term facilitation (Nicoll and Schmitz, 2005).
These “conditional detonator” synapses strongly drive post-synaptic cell firing
during repetitive activation (Vyleta et al., 2016). In experimental and human
epilepsy, mossy fiber axons sprout collaterals onto the proximal dendrites of
other dentate granule cells (Sutula et al., 1988; Sutula et al., 1989; Houser et al.,
1990; Okazaki et al., 1995), where conditional detonation could be highly
epileptogenic. However, sprouted mossy fibers are smaller than mossy fiber
synapses in CA3 (Sutula et al., 1998; Cavazos et al., 2003; Hendricks et al.,
2017) and rapidly depress during repetitive activation (Hendricks et al., 2017),
suggesting the extent with which they drive seizure activity could be limited
(Smith, 2017).

Despite multiple lines of evidence demonstrating de novo recurrent
connections in rodent models of epilepsy, the impact of mossy fiber sprouting
on circuit dynamics remains uncertain (Mello et al., 1993; Longo and Mello,
1997, 1998; Buckmaster, 2014). Sprouted mossy fibers are absent under non-

pathological conditions, and the formation of novel recurrent connections
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capable of activating post-synaptic granule cells (Scharfman et al., 2003b) could
induce run-away excitation, particularly if they robustly activate the typically
quiescent dentate network. Although increased dentate excitation occurs in
temporal lobe epilepsy (Cronin et al., 1992; Wuarin and Dudek, 2001), the
challenge of isolating and selectively stimulating sprouted mossy fibers has
severely hampered studies that directly examine sprouted mossy fiber synapses
(Scharfman et al., 2003b) and an understanding of how the activation of these
fibers might contribute to epileptiform activity.

Here, we selectively activated sprouted mossy fiber axons with
optogenetics to determine their influence on post-synaptic granule cell firing and
dentate gyrus activity. We find that sprouted mossy fibers reliably drive post-
synaptic action potential firing in dentate granule cells and initiate recurrent
circuit activity even in the absence of manipulations to increase excitability. This
effect is mediated by increased release probability at these synapses, attributed
to a lack of tonic adenosine signaling in the inner molecular layer of the dentate
gyrus. The increased P allows sprouted mossy fiber activation to reliably recruit

post-synaptic circuits, as primed network “spark plugs.”

Results

As the functional contribution of mossy fiber sprouting to epileptogenesis
remains controversial (Longo and Mello, 1997, 1998; Buckmaster, 2014; Smith,
2017), we combined the pilocarpine model of temporal lobe epilepsy with

electrophysiology to directly examine the contribution of sprouted mossy fiber
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activation to epileptiform activity, as this model reliably induces dense mossy
fiber sprouting (see methods, also see ref. Hendricks et al., 2017). To isolate
sprouted mossy fibers from other granule cell inputs, we used DcxCre::ChR2
mice (Cheng et al., 2011) to selectively label neonatally-born granule cells with
channelrhodopsin2 (ChR2) (Fig. 1A). We then prepared acute mouse
hippocampal slices, and optogenetically activated sprouted mossy fibers while
recording from ChR2-negative (unlabeled) granule cells (Fig. 1B,C; SI Appendix,
Fig. S1; also see ref. Hendricks et al., 2017). Optogenetic activation of sprouted
mossy fibers evoked EPSCs in dentate granule cells only in slices from
pilocarpine-treated mice (Fig. 1D,E; also see ref. Hendricks et al., 2017).
Postsynaptic cells, filled with AlexaFluor 568 dye during recordings, did not have
hilar basal dendrites (0 of 32 cells; Fig. 1C), indicating that LED-evoked
responses originated from recurrent (sprouted mossy fiber) synaptic inputs.

In addition to monosynaptic sprouted mossy fiber — granule cell (smf-GC)
EPSCs, we frequently observed LED-evoked epileptiform activity following
single light pulses (Fig. 1D, right). Responses identified as bursts had, on
average, 2.3 = 0.3 EPSCs during a burst (n = 13 cells). These bursts were not a
result of altered intrinsic properties compared to cells with single or no evoked
recurrent EPSCs (R;, input resistance: cells without bursts, 610 + 47 MQ, n =19
cells; cells with bursts, 527 + 77 MQ, n = 13 cells; unpaired t-test, t;o = 0.9711,
p = 0.3392; Cn, cell capacitance: cells without bursts, 51.5 + 3.8 pF, n = 19
cells; cells with bursts, 46.8 + 3.8, n = 13 cells; unpaired t-test, t3, = 0.8302, p =

0.4130). Optogenetic stimulation only elicited single spikes in ChR2-expressing
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granule cells (number of AP per 1 ms light pulse: 0.98 + 0.09, n = 5 cells),
indicating that sprouted mossy fiber activation initiated recurrent activity.
Consistent with polysynaptic activation, EPSC peaks during bursts (EPSC peaks
2 — 3) had high jitter (Fig. 1 F-G). One possible source of these bursts is through
the activation of additional populations of granule cells with their own sprouted
mossy fibers, if sprouted mossy fibers could effectively drive post-synaptic
firing.

Unlike healthy mossy fiber — CA3 synapses (Nicoll and Schmitz, 2005)
that are described as conditional detonators, sprouted mossy fiber synapses
exhibit profound frequency-dependent short-term depression (S| Appendix, Fig.
S2, see also ref. Hendricks et al., 2017), which may limit their ability to drive
postsynaptic firing (Smith, 2017). Thus, we compared patterns of synaptically-
evoked spike generation in post-synaptic target cells at these two different
synapses using a short 10 Hz train of optogenetic stimulation. In striking
contrast to synaptic facilitation and delayed CA3 pyramidal cell spike generation
at mf-CA3 synapses, 10 Hz stimulation of sprouted mossy fiber synapses
induced post-synaptic spikes only at the beginning of the train (Fig. 2).
Importantly, this firing pattern did not result from a failure to activate sprouted
mossy fibers in epileptic brains, as these fibers maintain action potential fidelity
throughout optogenetic trains (SI Appendix, Fig. S1). Thus, the failure to
maintain post-synaptic activation resulted instead from reduced glutamate
release later in the train, consistent with short-term synaptic depression at these

synapses (Hendricks et al., 2017). Despite this depression, however, single
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pulses triggered circuit activation sufficient to recruit additional recurrent
networks (Fig. 1D).

Both the frequency-dependent short-term depression and the robust
initial recruitment of postsynaptic cell firing during recurrent activation (Fig. 2B)
could result from a high initial P, at sprouted mossy fiber synapses. To directly
test for increased P,, we measured use-dependent MK-801 block kinetics during
activation of both types of mossy fiber synapses. Optogenetically-evoked
NMDAR-mediated synaptic currents were isolated by voltage-clamping granule
cells to -70 mV in Mg* free ACSF, in the presence of NBQX (10 uM) and
SR95531 (10 pM) to block AMPA- and GABAx-receptors, respectively. After
baseline EPSC recording, LED stimulation was paused for 10 minutes while MK-
801 (40 uM) was washed onto the slice and allowed to equilibrate. Upon
resuming LED stimulation (0.05 Hz), MK-801 progressively blocked NMDAR-
EPSCs from smf-GC and mf-CAS3 synapses (Fig. 3A). The rate of block was
faster for sprouted mossy fiber synapses (Fig. 3B), indicating a higher P..
Interestingly, MK-801 block rate at smf-GC synapses was better fit by a double-
exponential decay model (Fig. 3C), whereas at mf-CA3 synapses, a single
exponential model was sufficient, suggesting increased synaptic heterogeneity
at sprouted mossy fiber synapses (Rosenmund et al., 1993). Overall, the
increased P, at sprouted mossy fiber synapses likely contributes to target
granule cell firing and therefore the spread of recurrent excitation in epileptic

brains.
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Extracellular adenosine inhibits neurotransmitter release at mossy fiber
synapses in CA3 via A1-type adenosine receptors (AiRs) located on mossy fiber
terminals. This tonic activation of pre-synaptic AiRs contributes to the profound
short-term plasticity at these synapses (Moore et al., 2003; Fedele et al., 2005).
As altered adenosine metabolism may be a contributing factor in
epileptogenesis (Boison, 2008; Williams-Karnesky et al., 2013; Sandau et al.,
2016), we posited that sprouted mossy fibers might manifest an increased P,
due to a reduction in Ai{R-mediated inhibition. To measure tonic Ai{R-mediated
inhibition of sprouted mossy fibers in epileptic mice, we washed on the selective
high-affinity AiR antagonist, 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, 200
nM), while recording sprouted mossy fiber-mediated responses. In contrast to
the enhancement of synaptic transmission at healthy mf-CAS3 synapses (Fig.
4A,B, also see ref. Moore et al., 2003), DPCPX had no effect on sprouted mossy
fiber EPSCs (Fig. 4A,B), indicating a lack of tonic A:R signaling. The DPCPX-
induced increase in EPSC amplitudes at mf-CA3 synapses coincided with
decreased PPR (paired-pulse ratio, P./P+: pre-DPCPX, 2.36 + 0.37; post-
DPCPX, 1.37 + 0.12, n = 6 cells; paired t-test, ts = 3.408 p = 0.0191), as
expected for a pre-synaptic effect on A:Rs.

To determine whether the lack of tonic A{R-mediated inhibition at
sprouted mossy fiber synapses resulted from an absence of presynaptic
adenosine receptors, we washed on the selective AR agonist, 2-Chloro-N°-
cyclopentyladenosine (CCPA, 1 uM). CCPA reduced sprouted mossy fiber

EPSCs (Fig. 4C,D) and increased paired-pulse facilitation (Sl Appendix, Fig. S3).
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Thus, AiRs were present and functional on sprouted mossy fiber terminals,
indicating that the lack of tonic AiR modulation was due to a reduced
extracellular adenosine concentration. CCPA decreased the probability of
release at sprouted mossy fiber synapses, but it did not restore frequency
facilitation (SI Appendix, Fig. S4), suggesting that the molecular mechanisms
underlying synaptic facilitation at mossy fiber terminals cannot be restored
solely by increasing A:R activation.

Finally, to test whether reduced AR activation and increased P at
sprouted mossy fiber synapses contributes to recurrent circuit activation, we
examined the effect of AR activation using hippocampal slices from epileptic
mice. When applied to slices demonstrating EPSC bursts after sprouted mossy
fiber activation, the AiR agonist CCPA reduced recurrent EPSCs (Fig. 3E,F) as
well as the charge transfer carried by polysynaptic bursts (% of total charge
transfer carried by burst: pre-CCPA, 36.5 = 5.1%, post-CCPA 22.8 + 4.4%, n =
5 cells, paired t-test, ts = 3.497, p = 0.0250). Together, these data indicate that
reduced A+R activation at granule cell outputs contributes to hyperexcitability in

the dentate gyrus in epileptic brains.

Discussion

Here we show that sprouted mossy fibers can trigger reverberating
network activity despite their profound short-term depression. This recurrent
network activation is enabled by a high probability of release, resulting in “early

detonation” of post-synaptic cells. Moreover, this is due, at least in part, to the
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lack of tonic adenosine inhibition at sprouted mossy fiber synapses in the inner
molecular layer.

The retrograde sprouting of mossy fibers is common to both animal
models of epilepsy and human patients with temporal lobe epilepsy
(Buckmaster), yet the functional impact of these recurrent synapses is not well
understood (Buckmaster, 2014; Smith, 2017). We demonstrate that single
optogenetic stimulation of these fibers can produce bursts of recurrent EPSCs,
suggesting that sprouted mossy fibers effectively recruit the local network. This
observation is consistent with paired granule cell recordings from epileptic mice
(Scharfman et al., 2003b), which suggest that sprouted mossy fibers form
recurrent excitatory connections capable of driving post-synaptic cell spiking.
Critically, we find that sprouted mossy fibers can potently trigger granule cell
action potential firing with single coordinated release events, which could lead
to bursts as successive rounds of sprouted mossy fibers are activated through
additional granule cell firing.

The functional effects of sprouted mossy fibers on dentate excitability in
ex vivo slice preparations has been difficult to determine, as it sometimes
requires modulation of the extracellular environment to reduce the masking
effects of inhibition (Cronin et al., 1992; Wuarin and Dudek, 1996; Patrylo and
Dudek, 1998; Hardison et al., 2000; Sutula and Dudek, 2007). This suggests that
although the state of the epileptic dentate network may be relatively stable
(Santhakumar et al., 2005), subtle changes in external K* concentration (Patrylo

and Dudek, 1998; Hardison et al., 2000), inhibition (Cronin et al., 1992; Patrylo
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and Dudek, 1998), or adenosine (Gouder et al., 2003; Amorim et al., 2016;
Sandau et al., 2016) could shift the network to a more unstable, hyperexcitable
state, during which sprouted mossy fibers can readily trigger epileptiform
activity. The absence of tonic adenosine signaling appears to be intrinsic to
epileptic slices, recorded using standard solutions. However, it remains likely
that changes in adenosine-mediated signaling may serve as another conditional
factor in vivo, which might vary over time and contribute to the occurrence (or
avoidance) of seizure activity, given the presence of functional adenosine
receptors at these synapses.

All EPSC bursts were self-limited, which may be a manifestation of the
strong short-term depression of the smf-GC synapse (Scharfman et al., 2003b;
Hendricks et al., 2017). This also helps explain prior indirect observations made
using extracellular retrograde stimulation of mossy fibers, which caused self-
limited episodes of granule cell population spiking in slices from epileptic rats
(Tauck and Nadler, 1985). By using direct optogenetic stimulation of sprouted
fibers, we demonstrate sprouted mossy fibers can indeed drive granule cell
firing even with inhibition intact and low (3 mM) external K* concentrations. We
recognize that the conclusions that can be made while using optogenetic
stimulation in an acute slice preparation in regards to seizure activity in vivo are
limited, primarily due to the isolation of slices from other brain networks and the
cerebral extracellular environment and synchronized activation of sprouted
terminals. However, our ability to robustly trigger recurrent network activation

suggests that recurrent networks are widespread even within our 300 ym brain
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slices, and that recurrent interconnectivity might be even more extreme within
the intact brain.

The increased P. at sprouted mossy fibers provides a reasonable
mechanism that could enable sprouted mossy fibers to act as “spark plugs” to
hyperactivate local dentate gyrus networks. Our direct comparisons of P,
between smf-GC and mf-CA3 synapses are consistent with previous data
demonstrating a larger success rate at individual smf-GC connections (0.35)
(Scharfman et al., 2003b) than the prior estimate of P, at mf-CA3 synapses of
0.2-0.28 (von Kitzing et al., 1994). We propose that the increased P: at these
sprouted synapses is, at least in part, due to reduced tonic inhibition by
adenosine at the smf-GC synapse.

Although we did observe an increase in PPR with CCPA (suggesting that
it lowered P,), our observation that 1 Hz facilitation was not restored by
adenosine agonism was somewhat surprising, given the extent to which A1R
antagonism occludes frequency facilitation at mf-CA3 synapses in healthy
brains (Moore et al., 2003). This indicates that tonic adenosine alone is unlikely
to be the only mechanism controlling short-term plasticity the smf-GC synapse.
This is supported by the previous observation that healthy mossy fiber synapses
still express small but significant frequency-dependent facilitation even in the
presence of A1R blockade or A1R gene knockout (Moore et al., 2003). Thus, the
short-term depression remaining at smf-GC synapses even in the presence of
CCPA could be due to other changes in neuromodulatory tone in the epileptic

dentate gyrus, or altered expression of specific components of the release
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machinery required for facilitation (Ben-Simon et al., 2015; Jackman et al.,
2016). Even in health brains, the expression of frequency-dependent facilitation
by mossy fibers is target-specific (Toth et al., 2000) and thus the remaining
differences may also partly derive from differences in the post-synaptic
complement between granule cells and CA3 pyramidal cells.

Does the lack of tonic adenosine in the dentate gyrus contribute to
seizure activity in epilepsy? Although systemic or local injections of AiR agonists
can reduce the severity of seizures (Gouder et al., 2003; Amorim et al., 2016),
adenosine has broad inhibitory effects throughout the brain. Here, the absence
of tonic adenosine signaling at these synapses heightens the excitability of
dentate gyrus circuitry, which was reduced by pharmacological AR activation
(Fig. 4). As the granule cell network is implicated in spontaneous seizures in vivo
(Zhou et al., 2019), restoration or augmentation of extracellular adenosine could
reduce recurrent circuit dynamics in the in the dentate gyrus and provide one
mechanism for the observed in vivo effects of adenosine (Gouder et al., 2003;
Amorim et al., 2016). Thus, although seizure activity in epileptic brains likely
results from multiple hyperexcitable circuit elements, the lack of tonic adenosine
signaling in the dentate gyrus shifts sprouted mossy fiber synapses from
“conditional detonators” to “early detonators”, which could contribute to the

initiation of generalized seizures.

Methods

Animals
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All experiments were carried out in accordance with local, state, and
federal guidelines, and protocols were approved by OHSU and VA Institutional
Animal Care and Use Committees (IACUC). Housing was provided by Oregon
Health & Science University’s Department of Comparative Medicine vivarium
accredited by the Association for Assessment and Accreditation of Laboratory
Animals. To generate DcxCre::ChR2 mice, homozygous doublecortin-CreER™
(line F18; RRID:MGI:5438982) mice were bred with homozygous
Gt(ROSA)26Sorm3CAG-COPYHISARIEYFRRze (Aj32; RRID:IMSR_JAX:012569) and used
as previously described (Cheng et al., 2011; Hendricks et al., 2017). Briefly, Cre-
mediated combination was induced by tamoxifen (TAM) at P8 (2 injections, 12
hours apart, 20 mg/kg in corn oil, i.p.), to permanently label neonatally-
generated granule cells with ChR2-eYFP in DcxCre::ChR2 heterozygous mice.
Status epilepticus was induced in two-month-old male mice with pilocarpine
(825 mg/kg i.p.; Cayman Chemicals) after pre-treating with an i.p. injection of
scopolamine methyl bromide (Sigma-Aldrich). Seizures were graded on the
modified Racine Scale (Shibley and Smith, 2002); status epilepticus (SE) was
defined when a mouse had 3 or more Racine Grade 3 seizures, followed by
continuous grade 2 seizing. Following 2 hours of SE, seizures were terminated
with diazepam (10 mg/kg i.p.; Hospira, Inc.) and given soft food and i.p.
injections of 5% glucose in 0.45% normal saline to aid in recovery. Mice that did
not develop SE were humanely killed by carbon dioxide inhalation and cervical
dislocation and excluded from further analysis. These criteria reliably produce

dense mossy fiber sprouting as measured by ZnT3 staining in the IML, and a
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high density of sprouted mossy fibers originating from granule cells specifically
labeled at this timepoint (Hendricks et al., 2017). A total of 23 healthy control
mice and 19 pilocarpine-treated mice were used in this study.
Slice Physiology

Acute brain slices for ex vivo electrophysiology were prepared as
previously described (Hendricks et al., 2017). In brief, four-month-old male
DcxCre::ChR2 mice were anesthetized with 4% isoflurane, followed by injection
of 1.2% avertin (Sigma-Aldrich). Mice were transcardially perfused with 10 mL of
ice-cold N-methyl-D-glucamine (NMDG)-based cutting solution, containing the
following (in mM): 93 NMDG, 30 NaHCOS, 24 glucose, 20 HEPES, 5 Na-
ascorbate, 5 N-acetyl cysteine, 3 Na-pyruvate, 2.5 KCI, 2 thiourea, 1.2
NaH2PO4, 10 MgS04, and 0.5 CaCl2. Mice were rapidly decapitated and 300
pum sagittal slices were prepared with a Leica VT1200S vibratome. This method
was chosen to best preserve CA3 pyramidal cell health and mossy fiber axons
from these 4 month old mice. For some dentate granule cell recordings, the
hippocampus was dissected, and 300 pm transverse hippocampal sections
were prepared in ice-cold NMDG solution, which allowed us to maximize the
number of slices obtained from epileptic animals. We did not observe any
physiological differences between the two preparations during granule cell
recordings, including the frequency of smf-GC bursts, so these results were
combined. Slices from both preparations recovered in warm NMDG cut solution
for 15 mins followed by standard ACSF at room temperature for 1 hour prior to

recording.
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Dentate granule cell and CA3 pyramidal cell recordings were obtained
with 3-5 MQ borosilicate glass pipettes filled with internal solution. The Cs*-
based internal solution for voltage-clamp experiments contained the following
(in mM): 113 Cs-gluconate, 17.5 CsCl, 10 HEPES, 10 EGTA, 8 NaCl, 2 Mg-ATP,
0.3 Na-GTP, 0.05 Alexa Fluor 568, pH adjusted to 7.3 with CsOH, with a final
osmolarity of 295 mOsm; QX-314-CI (5 mM; Tocris Bioscience) was included to
block unclamped action potentials. The K*-based internal solution for current-
clamp experiments contained the following (in mM): 130 K-gluconate, 20 KCI, 10
HEPES, 4 Mg-ATP, 0.3 Na-GTP, 0.1 EGTA, 0.05 AlexaFluor 568, pH adjusted to
7.2 KOH, with a final osmolarity of 295 mOsm. Granule cells and CA3 pyramidal
cells were identified with infrared differential interference contrast microscopy
on an Olympus BX-51WI microscope. Whole-cell recordings were obtained by
making high-resistance seals (>5 GQ) and applying brief suction. Cells were
filled with Alexa Fluor 568 dye to visually confirm cell type and assess for
presence of hilar basal dendrites. Series resistance was uncompensated and
cells with a >30% change in series resistance were excluded from analysis.
Liquid junction potential was 8 mV and was uncorrected. For current-clamp
recordings, minimal negative current was injected if necessary to maintain a
resting potential of -70 mV in dentate granule cells and CA3 pyramidal cells.

Pulses of blue LED-powered (Thorlabs) light (1 ms, 470 nm, 8 mW/cm?,
0.05 Hz) were delivered through a 40x water immersion objective, targeted at
the stratum lucidum for CAS3 recordings and inner molecular layer for granule

cell recordings. Stimulation frequency was modified for various experiments as
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noted in the text. Signals were amplified with an AxoPatch 200B amplifier
(Molecular Devices), low-pass Bessel-filtered at 5 kHz, and digitized and
sampled at 10 kHz using a NIDAQ (National Instruments) analog-to-digital
board. Data were captured using a custom Igor Pro 8 (Wavemetrics) script and
NIDAQmx (National Instruments) plugins. For presentation of EPSCs, a 2 kHz
Gaussian filter was applied, post-hoc.
Statistical Analysis

Curve fitting and EPSC trace averaging was carried out in Igor Pro 8
(Wavemetrics) using built-in and custom functions, respectively. Epileptiform
burst activity (multiple EPSCs to single stimulus) was determined by eye, aided
by fitting a single exponential curve to the initial decay and identifying delayed
EPSC peaks rising above the decay fit line. Peak detection was implemented in
Igor Pro by identifying zero-point crossings of thresholded peaks on the first-
order derivative of the EPSC. Charge transfer measurements were implemented
with Igor Pro’s area function. Additional statistical analysis was performed in
Prism 8 (GraphPad). Normality was tested with the Shapiro-Wilk normality test
prior to statistical test selection. Paired and unpaired t-tests were used for
normally distributed datasets; Mann-Whitney and Wilcoxon matched-pairs
signed rank test were used for non-parametric datasets. For all experiments,
significance was determined by p < 0.05 (*p <0.05, **p <0.01, ***p < 0.001). All

summary data is presented as mean + SEM.
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Figure 1: Stimulation of sprouted mossy fibers triggers spiking in post-synaptic

dentate granule cells and recurrent network activity. (A) Experimental design for

granule cell labeling and induction of epileptic mossy fiber sprouting.
DcxCreER™ mice were bred with conditional ChR2-YFP (Ai32) reporter mice
(top) and given tamoxifen (TAM) at P8 to turn on reporter gene expression

(bottom). At 2 months (P60), mice were given pilocarpine to induce seizures and
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mossy fiber sprouting or kept as controls. All analysis was at P120. (B) Whole-
cell recordings were performed on ChR2-negative dentate granule cells (black
circles) and sprouted mossy fiber axons were stimulated with blue (470 nm) LED
light delivered through the objective. (C) Representative confocal image of a
recorded granule cell filled with AlexaFluor 568 (50 pM) during whole-cell
recording (levels and gamma adjusted for clarity). Star designates mossy fiber
axon; no basal dendrites were present (scale, 10 um). (D) Example traces from
cells with no response (top left), single EPSCs (bottom left), and epileptiform
bursts (right) after single optogenetic stimulation of ChR2+ granule cells (blue
arrows). Scale bar on right applies to all traces. (E) Frequency of cells with no
response (NR), single EPSCs (Single), and EPSC bursts (Burst) in control and
epileptic mice. Number of cells in each category are listed on the graph. (F)
Three consecutive traces taken from a cell with EPSC bursts. Optogenetic
stimulation (blue arrow) evoked an initial EPSC (likely monosynaptic) followed by
variably timed burst EPSCs. Gold stars designate detected EPSCs. EPSCs
occurring later in the sweep were not counted, as they did not occur within our
100 ms post-stimulus timeframe to be considered part of the burst. (G) Jitter
(trial to trial variability of EPSC onsets, as standard deviation) taken from the first
3 peaks in an EPSC burst is increased after the first EPSC peak (EPSC jitter:
Peak 1, n = 13; Peak 2, n = 13; Peak 3, n = 10; One-way ANOVA, F.33 = 12.0, p
= 0.0001; Tukey’s test, Peak 1 vs. Peak 2, p = 0.0105; Peak 1 vs. Peak 3, p <
0.0001; Peak 2 vs. Peak 3, p = 0.1544). High variability in second and third

EPSC peaks within a burst suggest that they result from polysynaptic activity.
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Summary data presented as mean + SEM. *p < 0.05, ***p < 0.001, ns = not

significant
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Figure 2: Sprouted mossy fiber activation drives post-synaptic granule cell firing

early during brief trains. (A) Representative current clamp recordings during

mossy fiber — CA3 (mf-CAS3, black trace) and sprouted mossy fiber — granule cell
(smf-GC, red trace) activation by 10 Hz, 10 pulse LED trains (blue arrows).
Dashed boxes represent insets (below) highlighting facilitation of mf-CA3 EPSPs
(left) and depression of smf-GC EPSPs (right). (B) Action potential (AP)
probability (top) is shifted to the first stimulus after smf-GC activation relative to
mf-CA3 activation (mf-CA3, n = 6 cells; smf-GC, n = 8 cells, 2-way RM ANOVA,
Fi12 = 85.68, p < 0.0001; Sidak’s multiple comparisons test, Stimulus 1, p =
0.0048, Stimuli 2 - 9, all p < 0.0001, Stimulus 10, p = 0.0006). Cumulative action
potential distribution (bottom) was also significantly shifted (Kolmogorov-
Smirnov test, p = 0.0006). Summary data presented as mean + SEM. **p <

0.001
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Figure 3: Elevated probability of release at sprouted mossy fiber synapses. (A)

Probability of release (P;) was measured from the kinetics of use-dependent MK-
801 block of NMDAR-mediated EPSCs during 0.05 Hz LED stimulation.
Averaged and normalized responses (left) are plotted before and after bath
application of MK-801 (40 uM; mf-CAS, n = 8; smf-GC, n = 7). Representative,
peak-scaled NMDAR EPSC averages (right) were taken during baseline, shortly
after resuming LED stimulation, and at the end of the experiment, numbered 1,
2, 3, respectively. (B) Average rate of MK-801 block measured in individual cells.
MK-801 rate of block was significantly faster at sprouted mossy fiber synapses
(unpaired t-test, tis = 3.942, p = 0.0017), indicating higher P.. (C) Same as in (A),
but only showing the first 15 sweeps in MK-801. Single (solid lines) and double
(dashed lines) exponential fits are plotted for smf-GC (red and blue) and mf-CA3
(black and green). Sprouted mossy fibers are better fit by double exponential
decays (extra sum of squares F-test, F2395 = 5.07, p = 0.0067) whereas mf-CA3
synapses are fit identically by single and double models. All data are presented

as mean + s.e.m. **p < 0.01
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Figure 4: Lack of tonic adenosine contributes to increased release probability

and polysynaptic activity. (A) Mossy fiber — CAS (left) and sprouted mossy fiber-

GC (right) EPSCs before (black traces) and after (blue traces) washing on the
adenosine 1a receptor (A:R) antagonist DPCPX (200 nM). Bath application of
DPCPX facilitates mf-CA3 EPSCs (n = 8 cells, paired t-test, t; = 5.77, p =
0.0007), but has no effect on EPSC amplitudes at smf-GC synapses (n = 5 cells,
paired t-test, t, = 1.39, p = 0.2364). (B) Normalized EPSC amplitudes of mf-CA3
(black, n = 8 cells) and smf-GC (red, n = 5 cells) responses before and during

DPCPX administration (unpaired t-test, ti1 = 3.63 p = 0.0040). (C) The A/R
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agonist CCPA (1 pM) inhibits both mf-CAS3 (left) and smf-GC (right) EPSCs
similarly (baseline, black example traces; CCPA, green traces). (D) Normalized
mf-CAS3 (black) and smf-GC (red) EPSC amplitudes during CCPA application,
demonstrating intact A:R responses at both synapses (mf-CA3, n = 7 cells, smf-
GC, n = 12 cells; unpaired t-test, t17 = 1.08, p = 0.2954). (E) Adenosine AR
agonism inhibits recurrent polysynaptic network activity evoked by single pulse
optogenetic stimulation of sprouted mossy fibers. Examples are 5 consecutive
EPSC traces overlaid from the same cell, pre- and post-CCPA (black and green,
respectively). (F) Quantification of EPSC burst inhibition by CCPA at smf-GC
synapses. CCPA (1 uM) reduces the mean number of recurrent EPSCs during a
burst (humber of recurrent EPSCs per epoch, n = 5 cells, t. = 3.963, p = 0.0166).

Summary data presented as mean + SEM. *p < 0.05, ns = not significant
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Fig. S1. Action potential fidelity at 10 Hz stimulation in epileptic mice.

(A) Single confocal image from DcxCre::ChR2 mouse given tamoxifen neonatally
(P8) and perfused at 4 months, demonstrating mature granule cell labeling.
Scale bar, 100 um. (B) Example trace from a cell-attached recording of a ChR2
expressing dentate granule cell from an epileptic mouse reliably firing action
potentials in response to optogenetic stimulation at 10 Hz (1 ms LED pulse, 470
nm, 8 mW/cmd). LED light was delivered via a 40x objective placed over the
hilus to trigger antidromic action potential propagation and avoid direct
stimulation of ChR2-expressing cell bodies. (C) Example trace from a whole-cell
current clamp recording of a dentate granule cell from an epileptic mouse,
demonstrating that these cells reliably fire actions potentials during repeated
brief current injections (1 ms, 500 pA, 10 Hz). (D) Summary of action potential
fidelity upon optogenetic (blue; n = 5) or current-injection (black; n = 5) stimulus
trains. Actual potential fidelity potted as number action potentials evoked per

LED stimulus. Data plotted as mean + SEM.
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Fig. S2. Sprouted mossy fibers exhibit short-term depression during paired-
pulse and 1 Hz stimulation.

(A) Example trace of paired pulse stimulation (100 ms ISI) of sprouted mossy
fibers axons (left) and summary plot (right). Sprouted mossy fibers have a low
paired-pulse ratio (PPR: 0.523 + 0.06, n = 6). Blue arrows mark optogenetic
stimulation. (B) Example average EPSC responses during baseline (0.05 Hz, left
trace), 1 Hz stimulation (middle trace), and recovery (0.05 Hz, right trace).
Summary data is plotted on the right. Sprouted mossy fibers display prominent
depression during 1 Hz stimulation (% EPSC of baseline: 62.9 + 14.3%, n = 6).

Blue arrows mark optogenetic stimulation. All data presented as mean + SEM.
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Fig. S3. The AR agonist CCPA increases the paired pulse ratio at both mossy
fiber — CA3 and sprouted mossy fiber — GC synapses.

(A) Representative EPSCs from paired-pulse experiments (100 ms ISI) from both
mf-CAS3 (left) and smf-GC (right) recordings before (black traces) and after (green
traces) bath application of CCPA (1 uM, AR agonist). Traces are scaled and
normalized to the first EPSC peak. Larger relative EPSC peaks on the second
pulse in CCPA indicates an increased paired-pulse ratio (PPR). (B) Quantification
of paired-pulse experiments exemplified in (A). CCPA increases the PPR in both
mf-CAS3 (left) and smf-GC (right) experiments (PPR, mf-CAS3: n = 6, paired t-test,
ts = 3.195, p = 0.0241; PPR, smf-GC: n = 11, paired t-test, 10 =2.74, p =
0.0208). Group averages are overlaid over individual experiments. (C) Change in
PPR from bath application of CCPA (% Difference) is similar for mf-CA3 and
smf-GC synapses (APPR: mf-CAS3, n = 6; smf-GC, n = 11, unpaired t-test, tis =
1.082, p = 0.2962). All data presented as mean + SEM. *p < 0.05, ns = not

significant
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Fig. S4. Restoring A:R tone with CCPA does not restore frequency-dependent

facilitation at sprouted mossy fiber synapses.

(A) Example traces taken at baseline stimulation frequency (0.05 Hz, darker

traces) and during 1 Hz frequency trains (lighter traces) before (black traces) and

after (green traces) bath application of CCPA (1 pM), demonstrating decreased

EPSC amplitudes when evoked at 1 Hz. Examples are taken from the same

cell/experiment. Scale bar is the same for both examples. (B) Quantification of

experiments shown in (A). Bath application of CCPA does not alter EPSC

depression during 1 Hz LED trains (% EPSC during 1 Hz, 50 pulse trains: pre-

CCPA, n = 6; ts = 0.422, paired t-test, p = 0.6905). All data presented as mean =

SEM, ns = not significant.
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Summary and Conclusions

The work presented here focused on understanding the functional
contribution of adult neurogenesis in recurrent axonal sprouting and whether
these recurrent synapses have properties that could drive excessive or runaway
excitation in epileptic brains. In Chapter 1, | used a combination of
immunofluoresence and confocal imaging, transgenic mouse lines, and whole-
cell electrophysiology from epileptic mice to establish the age-defined cohorts
of granule cells that sprout mossy fibers, determine whether they formed
functional excitatory synapses, and identified their basic physiologic properties.
In Chapter 2, | used whole-cell recordings and optogenetic stimulation to
determine if the consequence of “altered” synaptic properties (divergent of that
from mf-CA3 synapses) contributed to dentate hyperexcitability and identified a
mechanism underlying the high probability of release at these synapses. Overall,
these results reveal that sprouted mossy fibers can function to drive
hyperexcitability after seizures and sprouted mossy fiber synapses are most
likely to form from adult-born dentate granule cells. Whether this directly leads

to epileptogenesis will require future study.

Adult-born cells sprout functional recurrent axons in epilepsy

By using a transgenic labeling strategy to non-invasively and permanently

label large numbers of adult-born dentate granule cells, | was able to identify the
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populations of granule cells that sprout in response to seizures. In fact, all
granule cell cohorts, including those born in the neonatal brain, contributed to
mossy fiber sprouting, consistent with some reports (Parent et al., 1999; Althaus
et al., 2016), but not all (Kron et al., 2010). Discrepancies between the literature
and the results presented here might be explained by the robustness of labeling.
By counting the total number of boutons in the IML and normalizing to the
number of granule cells labeled, we determined a “sprouting ratio” that
represents the relative likelihood of any granule cell cohort to contribute to
sprouting (Chapter 1). In spite of all granule cells sprouting, the sprouting ratio
reveals that sprouted axons are more likely to form from adult-born granule
cells. Thus, prior studies using retroviral labeling techniques may have simply
missed sprouted fibers from neonatally-born granule cells due to low labeling
efficiency. Indeed, in experiments using improved retroviral constructs, a recent
report (Althaus et al., 2016) identified sprouted mossy fibers from neonatally-
born dentate granule cells, as well as those generated postnatally.

While settling a dispute about which specific populations of granule cells
sprout may on the surface seem purely semantic, understanding if and how the
developmental stage of granule cells determines their contribution to sprouting
is important for interpreting the broader role of adult neurogenesis in the
development of epilepsy, particularly if sprouted mossy fibers drive

hyperexcitability.
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Future Directions — Autaptic connections from adult-born granule cells?

The work presented here documents sprouted mossy fiber synapses from
adult-born granule cells forming onto mature, likely neonatally-born granule
cells. This assumption is based upon the relatively low number of adult-born
granule cells, cellular morphology obtained from cells filled with dye, intrinsic
properties (eg. low input resistance, high cell capacitance), and location within
the GCL, all of which suggest recordings were made from neonatally-born or at
least matured granule cells. However, the development of granule cell dendrites
from granule cells born during post-seizure neurogenesis aligns with the
approximate timing of mossy fiber sprouting (Wuarin and Dudek, 2001;
Overstreet-Wadiche et al., 2006). Therefore, it is conceivable that sprouted
mossy fibers might preferentially target the maturing dendrites of other adult-
born dentate granule cells, or even their own dendritic trees. Autaptic
connections or hyper-innervated populations of adult-born granule cells could
form micronetworks and “hubs” for excitation to generate within the granule cell
layer.

Indeed, preliminary observations suggest this is possible. Using
DcxCre::tdT mice to label granule cells born after seizures, super-resolution
imaging revealed tdT+ boutons forming putative synapses onto tdT+ granule
cell dendrites (Figure 1). Additionally, sprouted mossy fiber boutons from adult-
born cells were clustered around tdT+ granule cell dendrites. In my initial
attempts at performing autatptic recordings from adult-born granule cells in

epileptic mice, | found evidence of autaptically connected granule cells (Figure
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1), though the frequency at which they were observed was moderately low for
continued analysis (4 of 14 cells with putative autaptic responses). However,
recording configurations and experimental approach might not have been
optimal, as only autaptic connections were tested, leaving open the possibillity
adult-born granule cells contacting other adult-born granule cells (ie. not

autaptic) were more prevalent throughout the slice.

Enhanced dentate hyperexcitability is a product of high release
probability at sprouted synapses

Heightened dentate excitability is a fundamental feature of TLE (Tauck and
Nadler, 1985; Wuarin and Dudek, 1996; Okazaki et al., 1999) and how sprouted
mossy fibers contribute to hyperexcitability is unclear. The presence of recurrent
circuits does not result in hyperexcitability per se and even the relevance of
mossy fiber sprouting has been questioned (Buckmaster, 2014) due to the
requirement that sprouted mossy fibers must be “unmasked” experimentally by
increased levels of K* (Patrylo and Dudek, 1998; Hardison et al., 2000) or
blocking GABAARs (Cronin et al., 1992; Patrylo and Dudek, 1998) to facilitate
recurrent excitation in slices. Using an optogenetic approach that directly
activates sprouted mossy fibers, analysis of their functional impacts could be
isolated from other circuit changes and the altered excitatory to inhibitory

balance occurring through cell death.
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Probability of neurotransmitter release influences the expression of short-
term plasticity and the functional impacts a synapse has on circuit dynamics
(Abbott and Regehr, 2004; Rothman et al., 2009; Klug et al., 2012). In these
experiments, | applied optogenetic activation at sprouted mossy fibers to
determine synaptic properties that could reveal their function. Furthermore, |
determined how one factor, adenosine —or rather the lack of adenosine—
contributes to sprouted mossy fiber function.

Restoring tonic adenosine alters PPR but does not restore frequency
facilitation, thus it is possible adenosine is only a single factor in a complex
system regulating short-term properties of mossy fiber synapses. Indeed,
components of release machinery, including calcium sensors (Jackman et al.,
2016) and SNARE-complex interacting molecules (Ben-Simon et al., 2015) are
critical for expression of frequency facilitation at mf-CA3 synapses and could be
differentially expressed in epilepsy.

It is unclear why sprouted mossy fiber synapses do not express similar
characteristics to their healthy mf-CA3 counterparts. Notably, high probability of
release is thought to be characteristic of immature mossy fiber synapses
(Marchal and Mulle, 2004) and mossy fiber synapses rely upon trans-synaptic
signaling to fully mature at mf-CA3 and mf-IN synapses (Williams et al., 2011;
Martin et al., 2015). Perhaps the appropriate signaling mechanisms are lacking
at recurrent, granule cell - granule cell synapses and sprouted mossy fibers do

not fully mature. However, as they can form functional synapses (Chapter 1), the
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full maturation and expression of low P, and short-term facilitation may be

independent of bouton formation.

Future Directions — Are adenosine-related proteins absent or mislocalized?

How adenosine regulates sprouted mossy fiber excitability is interesting
future line of research, particularly as adenosine injections into the hippocampus
can reduce seizure activity (Amorim et al., 2016). Regulation of extracellular
adenosine is tightly controlled within the hippocampus. Most hippocampal
synapses have some adenosine tone (Moore et al., 2003; Sandau et al., 2016);
however, the elevated level of extracellular adenosine at mossy fiber synapses
appears to be due to high levels of 5’-ectonucleotidase (NT5E) in stratum
lucidum (Zimmermann et al., 1993; Langer et al., 2008), which is notably absent
from the IML. Additionally, dysregulation of adenosine metabolism is implicated
as a contributing factor in epileptogenesis, where increased adenosine kinase
(ADK) levels can cause circuit hyperexcitability (Fedele et al., 2005; Boison,
2008, 2012). Although NT5E is observed on sprouted mossy fiber terminals soon
after seizures (Schoen et al., 1999), it is unknown whether these changes persist
to longer timelines examined here. In initial experiments examining 5 adenosine-
related genes, there was no difference in RNA expression 2 months after
pilocarpine treatment (Figure 2). However, this does not exclude the possibility
of chronic changes in expression or mislocalization of adenosine-related
enzymes and receptors, as protein expression may stabilize at longer time-

points after SE and subtle changes specific to the IML could be missed during
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whole-dentate preparations, all of which are experiments worthy of further

investigation.

Altered functional properties of sprouted mossy fiber are
enhanced in adult-born cells

Because adult-born dentate granule cells provide a significant fraction of
sprouted mossy fibers in the epileptic brain (Jessberger et al., 2007; Kron et al.,
2010; Althaus et al., 2016) (also see Chapter 1), understanding their functional
properties is critical for revealing their potential role in driving hyperexcitability.
My results are the first to demonstrate functional sprouted synapses from adult-
born granule cells from those born prior to seizures. This suggests adult-born
cells can drive recurrent excitation onto dentate granule cells and potentially
drive hyperexcitability.

Interestingly, even though there was strong morphological support for
sprouted terminals in the IML from granule cells born after seizures (also see
Jessberger et al., 2007; Kron et al., 2010; Althaus et al., 2016), there was no
physiological evidence of these synapses during optogenetic stimulation and
whole-cell recordings. Whether or not this indicates the synapses are non-
functional, targeting different cell types or populations, or releasing different
neurotransmitter is unclear. Although previous studies do indicate this newborn
granule cells born after seizures contribute to seizure activity in vivo (Hosford et

al., 2016; Hosford et al., 2017), this could arise through independently of mossy
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fiber sprouting via other mechanisms such hilar basal dendrites (Ribak et al.,
2000; Kelly and Beck, 2017) or ectopic locations of granule cells (Dashtipour et
al., 2001; Scharfman et al., 2003a; Pierce et al., 2005; Zhan et al., 2010).
Though sprouted mossy fibers from all cohorts of granule cells lack the
frequency-dependent facilitation characteristic of mf-CA3 synapses and acquire
1 Hz depression (at least from those cohorts where functional synapses were
identified), sprouted mossy fibers from adult-born cells had higher levels of
frequency depression. Notably, sprouted fibers from these cells retained similar
functional properties to other sprouted mossy fibers such as paired-pulse
depression, DCG-IV sensitivity, and high NMDAR activation. On the surface, this
suggests adult-born granule cells born immediately prior to seizures are less
capable of propagating recurrent excitation. However, because 1 Hz and paired-
pulse depression is associated with the switch from “conditional detonation” to
“early detonation” and the degree of 1 Hz depression is further increased in this
population, this actually suggests sprouted mossy fibers from adult-born cells
may have an even greater early detonation phenotype and thus more strongly

drive recurrent activation and bursts of EPSCs.

Future Directions — Release of GABA from “silent” sprouted mossy fibers?

The functional properties of sprouted synapses are regulated, at least in
part, by the absence of tonic adenosine within the IML (Chapter 2). However,
this does not explain why sprouted mossy fibers from adult-born neurons show

greater levels of depression during 1 Hz stimulation. Therefore, it would be
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interesting to determine whether these sprouted fibers have an even higher
probability of release than their neonatally-derived counterparts and whether
adenosine signaling or other mechanisms conferring synaptic facilitation are
more severely impaired in these cells. Targeted genetic comparisons of granule
cells born neonatally and in the adult brain via TU-tagging or laser-capture
(Chatzi et al., 2016; Chatzi et al., 2019) may reveal subtle expression differences
of key pathways of synaptic maturation (Chatzi et al., 2016) and regulators of
facilitation (Ben-Simon et al., 2015; Jackman et al., 2016).

Heightened activity of adult-born cells could also result in plasticity
neurotransmitter phenotypes. High levels of activity, including seizures, can
induce expression of glutamic acid decarboxylase (GAD) (Ramirez and
Gutiérrez, 2001), the enzyme responsible for GABA synthesis from glutamate, in
mossy fiber terminals. Indeed, following seizure induction with kainic acid or
electrical kindling, stimulation mf-CA3 synapses can produce monosynaptic
inhibition, suggesting release of GABA from mossy fiber terminals (Gutiérrez,
2000; Gutiérrez and Heinemann, 2001; Gutierrez et al., 2003). Do sprouted
mossy fibers transiently or permanently release GABA onto granule cells?
Preliminary immunofluorescence experiments indicate increased GAD
expression in sprouted terminals from adult-born cells (Figure 3). Technical
limitations of the DcxCre mouse line prevented obtaining any functional
evidence of GABA release; therefore, whether sprouted mossy fibers release
GABA following seizures and how this would impact circuit function remains

unknown. Alternative mouse lines with less off-target interneuron labeling such
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as the AscICreER'™ (Yang et al., 2015) or POMC-Cre (Gao et al., 2007; Zucca et
al., 2017) lines may sacrifice temporal specificity, but provide greater cellular

specificity and allow an unambiguous functional result.

Implications for epileptogenesis

Sprouted mossy fibers have remained an attractive mechanism for
epileptogenesis; however, this view is not held universally and is still being
debated (Buckmaster, 2014). In reality, the contribution of any one circuit
rearrangement is unlikely to be sufficient to drive the development of epilepsy on
its own. It is most likely a combination of various circuit changes, some of which
discussed here, contribute to the development of epilepsy. Of course, this
should not imply mossy fiber sprouting is unimportant; sprouted mossy fibers
drive hyperexcitability in the dentate gyrus, which is a prominent feature of TLE
(Babb et al., 1984a; Tauck and Nadler, 1985; Santhakumar et al., 2005; Sloviter
et al., 2006b).

Additionally, the influence sprouted mossy fibers have on seizure
generation is also dependent on other systems influencing the properties of
these synapses. For example, the levels of tonic adenosine surrounding
sprouted mossy fibers influence their functional properties and their ultimate
impact on the dentate (Chapter 2), and is a system that is likely independent of
sprouting (Boison, 2012). Therefore, sprouted mossy fibers, in combination with,

and modulated by other circuit changes, gene expression, and neural excitability
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(McNamara, 1994; Chang and Lowenstein 2003) are expected to contribute to

the development of epilepsy.
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Figure 1: Autaptic connections from adult-born dentate granule cells

A) Super-resolution AiryScan image (10 pm z-stack) showing a cluster of adult-
born (tdT+, red) sprouted mossy fiber boutons (mf) around adult-born
granule cell dendrites (d) and site of putative crossing (dashed box).

B) 3D surface rendering of dashed box in (A). Blue arrow marks the site of a
putative synapse. The main mossy fiber bouton (mfb) and filopodia (f) can be
resolved.

C) Whole-cell current clamp recordings from tdT- (left, black trace) and tdT+
(right, red trace) granule cells from the same epileptic animal. The tdT+ cell
was observed to have a recurrent axon projecting into its dendrites. Granule
cells were given a 400 pA, 1 ms current injection to drive a single action
potential. Note increased excitability in tdT+ cell in response to the same size

and length current step.
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Figure 2: Expression of adenosine-related enzymes and receptors is stable

by 2 months after pilocarpine

Fold change in gene expression in dentate gyri from epileptic mice (AACt) of
adenosine kinase (adk), adenosine receptor 1 (adora1), adenosine receptor 2a
(adora2a), ectonucleoside triphosphate diphosphohydrolase 1 (entpd1), 5’-
ectonucleotidase (nt5e). No differences were observed between control and
epileptic conditions for any genes. Dentate gyri were dissected from control and
epileptic mice, homogenated in Trizol, and cDNA isolated from RNA. Gene
expression was quantified with gPCR. Values of 1 indicate no change in

following pilocarpine treatment.
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Figure 3: Increased GAD expression in sprouted mossy fibers from adult-

born dentate granule cells

Single confocal section demonstrating the presence of GAD67 in
sprouted mossy fiber boutons. Sprouted mossy fiber boutons born either before
(top) or newborn after (bottom) SE were identified with tdT and ZnT3 co-labeling
in the IML of epileptic mice. Sprouted mossy fibers from granule cells born after

SE were observed to have higher levels of colocalization with GAD67.
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