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Abstract

Hyperpolarization-activated, cyclic nucleotide-gated nonselective (HCN) channels
modulate both membrane potential and resistance and play a significant role in
synaptic plasticity. We compared the influence of HCN channels on long-term
depression (LTD) at the medial perforant path-granule cell synapse in early postnatal
(P9-15) and adult (P30-60) rats. LTD was elicited in P9-15 slices using low-
frequency stimulation (LFS, 900 pulses, 1Hz; 80 £ 4% of baseline). Application of the
specific HCN channel blocker ZD7288 (10 uM) before LFS significantly enhanced
LTD (62 £ 4%; P < 0.01), showing HCN channels restrain LTD induction. However,
when ZD7288 was applied after LFS, LTD was similar to control values and
significantly different from the values obtained with ZD7288 application before LFS
(81 £ 5%; P < 0.01), indicating that HCN channels do not modulate LTD expression.
LTD in slices from adult rats were only marginally lower compared to those in P9-15
slices (85 + 6%), but bath application of ZD7288 prior to LFS resulted in the same
amount of LTD (85 £ 5%). HCN channels in adult tissue hence lose their modulatory
effect. In conclusion, we found that HCN channels at the medial perforant path-
granule cell synapse compromise LFS-associated induction, but not expression of
LTD in early postnatal, but not in adult, rats.
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1. Introduction

1.1. Hippocampus
1.1.1. Anatomy of the hippocampus

The hippocampus is a major component of the brain. It belongs to the limbic system
and plays a main role in the formation of episodic memories in humans (Aggleton and
Brown, 1999;Reilly, 2001), spatial navigation and in consolidating information into
long-term declarative memory (Mumby et al., 1999).

Throughout the head, body and tail, the hippocampus comprises two cortical layers
rolled up inside one another (Figure 1). These layers can be seen to run from the
head of the hippocampus throughout its body to its tail and form the two major
cellular subfields: the cornu ammonis (CA) and the dentate gyrus (DG). The CA can
be further sub-divided into four cellular regions or subfields (CA 1-4).
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Figure 1: Location and subfield of the hippocampus

(A) The human brain, showing the location of the hippocampus and associated structures:
Amygdala, mammillary body, the medial septum, fornix, the right and left cingulate cortex.
(B) Components and subfields of the left hippocampus denote by the letters: Dentate Gyrus
(DG), Cornu Ammonis 1-4 region (CA 1-4), Hippocampal Body (HB), Head of the
Hippocampus (HH), Hippocampal Tail (HT), and Terminal Segment of the hippocampal tail
(TS). This figure is modified from (Peterson et al., 2007).
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The laminar organization of DG is the stratum moleculare layer, the stratum
granulosum layer and the polymorph layer (or Hilus). The axons of the granule cells
emerge close to the basal pole of the somata where it passes unmyelinated into the
hilus and the CA3 hippocampus (Figure 2).

The intertwining apical dendrites of the granule cells and their afferents form the
molecular layer. The molecular layer is thick and separated from the stratum
molecular of the CA by the vestigial hippocampal sulcus. Its outer two-thirds receive
fibers from the perforant pathway, while the inner third, in contact with the stratum
granulosum, are occupied by commissural and septal fibers (Cerbone et al., 1993).

Figure 2: Internal structure of the hippocampus

The internal structure of the hippocampus, showing the laminar organization of the cornu
ammonis (CA1-CA4) and the DG as viewed in the horizontal plane. CA: Alveus, Stratum
oriens, Stratum pyramidale, Stratum radiatum/Stratum lucidum, and Stratum lacunosum
moleculare. DG: Stratum moleculare, Stratum granulosum, and Hilus (polymorphic layer).



1.1.2. Hippocampal network

There are a variety of sources that contribute afferent fibers to the hippocampal
formation. The entorhinal cortex (EC) is a major source of inputs to the hippocampus
collecting information from the cingulate cortex, temporal lobe cortex, amygdala,
orbital cortex, and olfactory bulb (Dolorfo and Amaral, 1998). Separate groups of
fibers arising from the lateral and medial parts of the EC pass through the alveus and
molecular layers of the hippocampus and DG respectively, to supply much of the
hippocampus. The lateral pathway is called the lateral perforant pathway (LPP) and
passes from the lateral entorhinal cortex into the molecular layer of the hippocampus.
The medial pathway is called the medial perforant pathway (MPP) and enters the
alveus of the hippocampus after passing through the white matter adjoining the
subiculum.

The efferent connections of the hippocampal formation arise from pyramidal cells
located in both the hippocampus and subicular cortex. The axons of these cells
contribute the largest component to the fornix system of fibers.

The hippocampus coordinates information from a variety of sources. Information
flows into the hippocampus mainly by the perforant path (PP) which targets neurons
in the DG and in the CA1-3 regions as shown in Figure 3. The PP can be segregated
into LPP and MPP, depending on whether the fibers arise from the lateral or medial
entorhinal cortex. The axons of the PP arise principally in layers Il and Ill of the
ipsilateral EC, with minor contributions from the deeper layers IV and V. Axons from
layers 111/V project to the distal stratum lacunosum molecular layer of the CA1 and the
molecular layer of the subiculum. Axons from layers II/VI densely project to the
molecular layers of the DG and send a longer projection to CA3 which directly
innervate the pyramidal cells of CA3. LPP generally project to the outer layers of the
DG, whereas MPP terminate in deeper regions of the DG. The DG connects CA3 by
the mossy fiber pathway. The mossy fibers (MFs) directly project to the stratum
lucidum of the CA3. From the CA3 neurons, the signal leaves via the Schaffer
collateral fibers which innervate the pyramidal cells of CA1 and the commissural
fibers which innervate the contralateral hippocampus. The pathway from CA1 to
subiculum (Sb) and on to the EC forms the principal output from the hippocampus.


http://radiopaedia.org/articles/missing?article%5Btitle%5D=perforant-path
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Figure 3: Hippocampal Network

The hippocampus forms a principally uni-directional network, with input from the Entorhinal
Cortex (EC) that forms connections with the Dentate Gyrus (DG) and CA3 pyramidal neurons
via the Perforant Path (PP), which split into lateral (LPP) and medial (MPP). CA3 neurons
also receive input from the DG via the Mossy Fibres (MF). They send axons to CA1
pyramidal cells via the Schaffer Collateral Pathway (SC), as well as to CA1 cells in the
contralateral hippocampus via the Associational Commisural (AC) pathway. CA1 neurons
also receive inputs direct from the PP and send axons to the Subiculum (Sb). These neurons
in turn send the main hippocampal output back to the EC, forming a loop.



1.1.3. Memory function of the hippocampus

Although it had historical precursors, function of hippocampus in memory derived its
main impetus from a famous report by Scoville and Milner (Scoville and Milner, 1957)
describing the results of surgical destruction of the hippocampus. The unexpected
outcome of the surgery was severe anterograde and partial retrograde amnesia. In
the ensuing years, patients with similar levels of hippocampal damage and amnesia
have been studied as well, and thousands of experiments have studied the
physiology of activity-driven changes in synaptic connections in the hippocampus.
There is now almost universal agreement that the hippocampus plays an important
role in memory; however, the precise nature of this role remains widely debated.

How learning and memory is achieved in the brain? Key to today’s research into
information storage in the brain is the concept of synaptic plasticity, a notion that has
been heavily influenced by Hebb’s (1949) postulate. Hebb conjectured that
repeatedly and persistently co-active cells should increase connective strength
among populations of interconnected neurons as a means of storing a memory trace.
Since that time, strong support for his theory has been gained through a number of
lines of research. Most important in this regard is likely the discovery of synaptic long-
term potentiation (LTP) and long-term depression (LTD) within the mammalian
hippocampus (Bear and Abraham, 1996;Bliss and Collingridge, 1993;Bliss and
Lomo, 1973;Dudek and Bear, 1992;Lynch et al., 1977;Malenka and Nicoll, 1999).
Intense interest has focused on these forms of synaptic plasticity (Abraham et al.,
1994;Abraham, 2003;Doyere et al., 1997;Malenka and Bear, 2004;Staubli and Lynch,
1987) as they have a number of properties that make them suitable as models for the
synaptic changes that likely occur during learning and memory (Doyere et al.,
1993;Kemp and Manahan-Vaughan, 2007). Since the discovery of LTP and LTD,
rigorous experiments have been conducted to search the mechanisms underlying
them. It is generally well accepted that the induction and expression of LTP and LTD
depend on the activation of synaptic transmissions (Mcentee and Crook, 1993).


http://en.wikipedia.org/wiki/Brenda_Milner
http://en.wikipedia.org/wiki/Anterograde_amnesia
http://en.wikipedia.org/wiki/Retrograde_amnesia
http://en.wikipedia.org/wiki/Synaptic_plasticity

1.2. Synaptic plasticity

1.2.1. Historical discovery of synaptic plasticity

In 1973, Terje Legmo and Tim Bliss first described the now widely studied
phenomenon of long-term potentiation (LTP) on the synapse between the perforant
path and dentate gyrus in the hippocampi of anaesthetised rabbits (Bliss and Lomo,
1973;Lomo, 2003). They were able to show a burst of tetanic (100 Hz) stimulus on
perforant path fibers led to a dramatic and long-lasting augmentation in the
postsynaptic response of cells onto which these fibers synapse in the dentate gyrus.
This discovery generated interest due to the proposed role of the hippocampus in
certain forms of memory. LTP in the hippocampus has been widely studied since it is
believed that the mechanisms involved in its induction, expression, and maintenance
are fundamental to learning and memory (Bliss and Collingridge, 1993). LTP is
observed as a sustained increase in synaptic efficacy while LTD is a sustained
decrease in synaptic efficacy. In 1977, Lynch and colleagues first observed
heterosynaptic depression in which a reversible reduction of synaptic response in a
nonstimulated pathway resulted after inducing LTP in a separate pathway in the CA1
region in vitro (Lynch et al., 1977). Levy and Steward also observed heterosynaptic
LTD in vivo in the dentate gyrus indicating that the phenomenon could be applied to
different brain areas (Levy and Steward, 1979). More and more paradigms have
been tested and revealed various phenomena concerning synaptic plasticity in the
hippocampus (Bashir and Collingridge, 1994;Calabresi et al., 1992;Dudek and Bear,
1992;Fuijii et al., 1991;0'Dell and Kandel, 1994;Staubli and Lynch, 1990;Wang and
Gean, 1999;Ziakopoulos et al., 1999) but also in other parts of the brain (Calabresi et
al., 1992;Wang and Gean, 1999;Ziakopoulos et al., 1999).

Then scientists began to investigate the functional significance of LTP and LTD by
using selective antagonists of those excitatory amino acid receptors whose activation
is essential for their induction. In 1983, Lynch and colleagues reported that
intracellular injections of the calcium chelator N,N,N’,N’-tetraacetic acid (EGTA) block
the development of hippocampal LTP (Lynch et al., 1983). At the same time
Collingridge and colleagues discovered application of the selective NMDA receptor
antagonist, DL-2-amino-5-phosphonovalerate (APV) had no effect on the excitatory
post-synaptic potential (EPSP), but blocks LTP of synaptic transmission evoked by
high frequency stimulation of the Schaffer collateral-commissural pathway
(Collingridge et al., 1983). In 1992, it was reported that LTD is also synapse specific,
and required activation of post-synaptic NMDA receptors as well (Dudek and Bear,
1992;Lee et al., 1998;Mulkey and Malenka, 1992). These results strongly suggested
that hippocampal LTP and LTD are NMDA receptor dependent processes.



1.2.2. Mechanisms of Long term depression

Long-term depression in the CNS has been the subject of intense investigation as a
process that may be involved in learning and memory and in various pathological
conditions. Homosynaptic LTD has been first induced by low frequency stimulation
(LFS) at 1 Hz in the CA1 area of the rat hippocampus (Dudek and Bear, 1992). This
form of LTD has been shown to be NMDA receptor dependent (Dudek and Bear,
1992). Subsequently, NMDA receptor independent forms of LTD have been reported
(Kobayashi et al., 1997;0Oliet et al., 1997;0mara et al., 1995b;Wang et al., 1997).

Most synapses that undergo LTD use L-glutamate as their neurotransmitter. L-
glutamate acts on N-methyl-D-aspartate receptor (NMDAR), a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR), kainate receptor (KAR) and
metabotropic glutamate receptor (mGIuR)2 (Hollmann et al., 1989;Hollmann and
Heinemann, 1994;Lodge, 2009). Amongst two kinds of excitatory receptors involved
in plasticity that have undergone extensive research are NMDAR and AMPAR
(Mayer and Armstrong, 2004).

AMPAR requires glutamate binding to activate, allowing Na* flow into the neuron and
causing an excitatory postsynaptic potential. NMDARs are usually composed of two
GIuN1 subunits and two GIuN2 subunits, although GIuN3 subunits sometimes
replace GIuN2 (Cull-Candy et al., 2001;Paoletti and Neyton, 2007). The two GIuN2
subunits can be identical (GIuN2A, GIuN2B, GIuN2C or GIuN2D), forming a
diheteromer, or they can be different from each other, forming a triheteromer together
with two identical GluN1 subunits. The NMDAR requires both ligand (glutamate
together with the co-agonist glycine or D-serine) and voltage activation (Kleckner and
Dingledine, 1988;Laube et al., 1998;Wolosker, 2006). Under conditions of low post-
synaptic activity, NMDARs are blocked in a voltage-dependent manner by
extracellular Mg?* ions (Johnson and Ascher, 1990). When post-synaptic activity is
high, such as under conditions suitable for producing plasticity, the post-synaptic
membrane depolarizes enough to remove the magnesium block (Cull-Candy et al.,
2001;Dingledine et al., 1999;Paoletti and Neyton, 2007). Once activated, NMDARs
are also highly permeable to calcium ions (Crowder et al., 1987). While both
receptors lead to depolarization, NMDAR also brings about intracellular calcium ion
concentration changes. Postsynaptic free Ca®* are very important in calcium
dependent second messengers and pathways, which are involved in synaptic
plasticity (Malenka and Bear, 2004). Activation of NMDA receptors increases
postsynaptic free Ca?*, which is thought to stimulate the release of calmodulin (CaM),
a calcium-binding activator protein found mainly in the brain and heart.

LTD induction depends on intracellular calcium elevation. The relative change in
intracellular calcium concentration determines whether LTP or LTD is induced
(Cummings et al., 1996). The rise in postsynaptic calcium can result from calcium
influx mainly through NMDA receptors and/or voltage gated calcium channels and/or
calcium release from intracellular stores (Christie et al., 1996;Kobayashi et al.,
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1997;Mulkey and Malenka, 1992;0Omara et al., 1995a;Wang et al., 1997) which
initiate LTD by leading to several second messenger related cellular responses. LTD
arises from activation of calcium-dependent phosphatases that dephosphorylate the
target proteins (Mulkey et al., 1993). In particular the calcineurin (PP2B), a
Ca?*/calmodulin(Ca®* / CaM)-dependent protein phosphatase, dephosphorylates and
inactivates inhibitor-1 (Mulkey et al., 1993;Mulkey et al., 1994). Inhibitor-1 is normally
bound to postsynaptic serine/threonine protein phosphatase 1 (PP1). Inactivation of
inhibitor-1 will release PP1 to dephosphorylate its substrates in the following. One of
the substrates of PP1 is AMPA receptors (Lee et al., 2000). After LTD induction
AMPA receptors are dephosphorylated at the PKA site (ser-845) and rapidly
internalized (Carroll et al., 1999;Ehlers, 2000). Although various mechanisms may
underlie the decrease in sensitivity to L-glutamate, the reduction in the number of
postsynaptic AMPA receptors is the major expression mechanism for LTD (Malinow
and Malenka, 2002).

In addition, LTD can also involve a reduction in the probability of glutamate release
(Enoki et al., 2009;Feinmark et al., 2003;Stanton et al., 2003). This could be triggered
by changes in the presynaptic terminal or by postsynaptic changes that are
communicated across the synapse via a retrograde messenger. Several retrograde
messengers have been proposed to be involved in LTD, including nitric oxide (NO) in
NMDAR dependent LTD (Stanton et al., 2003) and lipoxygenase metabolites in
hippocampal mGIuR-LTD (Feinmark et al., 2003).



1.3. HCN channels
1.3.1. HCN channels in the hippocampus

Hyperpolarization-activated cation currents, termed I, were first described in cells of
the sinoatrial node of the heart (Pape, 1996;Robinson, 2003) and called funny
current (or lr) because of specific biophysical properties (Noma and Irisawa, 1976).
Later, Iy current is also found in other tissues: in heart muscles, in the central and
peripheral nervous system, in the sensory cells as well as in endocrine and exocrine
cells (Robinson, 2003). In the CNS, the I;, current contributes to several physiological
properties and functions such as "pacemaker" of some neurons, control of membrane
potential and the integration of dendritic synaptic inputs.

Figure 4: Structure of HCN channels

HCN channels consist of four subunits composed of either identical or different HCN
subunits. Each subunit contains six transmembrane domains (S1-S6) with the positively
charged S4 functioning as the voltage sensor. The transmembrane segments S5 and S6 are
connected via a pore loop carrying the ion selectivity filter. The C-terminus carries a cyclic
nucleotide binding domain (CNBD) with PKA sites.
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In mammals, four isoforms (HCN1-4) responsible for |, currents encoding
hyperpolarization-activated cyclic nucleotide gated channels (HCN channels) were
cloned (Ludwig et al., 1998;Santoro and Tibbs, 1999). HCN channels are formed by
the assembly of these four isoforms (Figure 4). The C-terminal region has an area
sensitive to cyclic nucleotides-binding domain (CNBD) and a putative site for PKA
phosphorylation in the CNBD (Monteggia et al., 2000). However, it is not clear how
phosphorylation of these distal C-terminal sites affect the voltage dependence. This
region could interact with other cytosolic domains, such as the CNBD or the
transmembrane domains, and the voltage sensor directly. Binding of cyclic
nucleotides (cCAMP and / cGMP) facilitates channel opening, but binding of cyclic
nucleotides is not sufficient to open the channels without an additional
hyperpolarization of the membrane. HCN channels are cation nonselective allowing
the passage of Na*and K*. There is also evidence of minor permeation of Ca*".

HCN channels are abundantly distributed in the central nervous system (Gauss and
Seifert, 2000;Magee, 1999;Pape, 1996;Santoro et al., 2000;Vasilyev and Barish,
2000;Williams and Stuart, 2000). In the hippocampus, subunits HCN1 and HCNZ2 are
predominantly expressed (Monteggia et al., 2000;Notomi and Shigemoto, 2004).
However, the expression of these isoforms is developmentally regulated (Bender et
al.,, 2001;Bender et al., 2007;Brewster et al., 2007;Vasilyev and Barish, 2002),
resulting in age-specific cellular complements of HCN channels and |, properties
(Surges et al., 2006;Vasilyev and Barish, 2002). These contribute to the generation
of age-specific patterns of neuronal activity (Agmon and Wells, 2003;Bender et al.,
2005). Neuronal activity, in turn, selectively modulates the expression of specific
HCN channel isoforms (Brewster et al., 2002;Brewster et al., 2005;Santoro and
Baram, 2003), thus governing the properties of |, and, consequently, the excitability
of hippocampal neurons (Chen et al., 2001).

Emerging evidence, though, suggests that in addition to their dendritic localization,
HCN1 channels may be present on certain axons and synaptic terminals in the
hippocampus, cortex and other regions of the brain (Bender et al., 2007;Lujan et al.,
2005;Notomi and Shigemoto, 2004). It was initially reported that channels of the
HCN1 subunits were expressed in the termination zone of perforant path fibers in the
dentate gyrus of immature rats (Bender et al., 2007). Fine-structural analysis and
disconnection studies revealed a presynaptic localization of these channels that was
further supported by electrophysiological approaches demonstrating a contribution of
I, to the firing properties of the immature perforant path (Wilkars et al., 2012).
Presynaptic HCN channels are expressed on glutamatergic axon terminals of the
MPP input to dentate gyrus granule cells during the first 2-3 weeks of postnatal
development, and subsequently are lost during maturation (Bender et al., 2007).
These findings suggest that the axonal localization of HCN channels in the perforant
path that occurs only during development. HCN1 mRNA and protein levels in the
cells of origin in the entorhinal cortex did not decrease with age, whereas the
expression of HCN channel molecules in axonal and presynaptic compartments was
attenuated, suggesting that the transport of HCN1 channels to perforant path axons
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changed with age. Further, blocking action potential firing increased presynaptic
HCN1 channel expression, suggesting that network activity is involved in regulating
axonal expression of the HCN1 channel.

1.3.2. Role of HCN channels in synaptic plasticity

HCN channels are low-threshold, voltage-gated ion channels with very unusual
biophysical properties (Biel et al., 2009). These channels are open at potentials more
negative to =50 mV and are important for regulating neuronal resting membrane
potential. In addition, the channels are permeable to Na* and K* and form an inward
current at rest, thereby depolarizing resting membrane potential. Interestingly, in the
hippocampus and cortex, they are highly localized to pyramidal cell dendrites
(Lorincz et al., 2002;Notomi and Shigemoto, 2004). By regulating the resting
membrane potential and in this way the biophysical properties of other ion channels
as well as by modulating the membrane resistance, they influence EPSP kinetics and
integration (George et al., 2009;Huang et al., 2009;Magee, 1999;Tsay et al., 2007).
These effects are likely to contribute substantially to synaptic plasticity and thus,
process such as information storage (Brager and Johnston, 2007;Campanac et al.,
2008;Fan et al., 2005;Nolan et al., 2004;Wang et al., 2007).

Since HCN channels are considerably open at the resting membrane potential and
mediate a slowly inactivating and inwardly rectifying Na* current (Mccormick and
Pape, 1990;Simeone et al., 2005), these channels appear to be ideal modulators of
both the membrane potential and the membrane resistance of neurons, and thus
may play a significant role in synaptic transmission.

In the recent years, it has become evident that HCN channels are also relevant
modulators of synaptic plasticity (Bender et al., 2007;Mellor et al., 2002;Nolan et al.,
2004;Tokay et al., 2009). Obviously, HCN channels may have differential effects on
different synapses and/or various types of synaptic plasticity. While long-term
potentiation (LTP) following electrical stimulation to the Schaffer collateral input of
CA1 pyramidal cells was unaltered in HCN1-deficient mice, a significant
enhancement of LTP was observed when the perforant path input to CA1 was
stimulated (Nolan et al., 2004). Intriguingly, such a constraining role of HCN channels
on synaptic plasticity in CA1 was also found with long-term depression (LTD)
following pharmacological activation of group | metabotropic glutamate receptors
(Tokay et al., 2009). However, LTD following electrical stimulation at the same
synapse was also assessed and failed to be affected by HCN channel inhibition. In
general, different induction and expression mechanisms on pre- and/or postsynaptic
sites may be involved for multiple types of synaptic plasticity and at various synapses
throughout the hippocampus, and hence may account for differential effects of HCN
channels on synaptic plasticity. Thus, it is an intriguing task to unravel pre- and
postsynaptic mechanisms of metaplasticity mediated by HCN channels.
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1.4. Objective of the study

Previous reports from our lab and others pointed to a role of HCN channels in
metabotropic glutamate receptor-dependent LTD (Tokay et al.,, 2009), but not in
NMDAR-dependent LTP (Nolan et al., 2004), the central aim of this study was to
investigate the role of presynaptic HCN channels on synaptic NMDAR-dependent
LTD in the dentate gyrus. In this region, previous reports suggested the
developmental down-regulation of HCN1 on presynaptic medial perforant path (MPP)
terminals (Bender et al., 2007). Thus, comparison between early postnatal and adult
tissue provides the unique opportunity to study the influence of HCN channels on
LTD, since postsynaptic elements in this area hardly express HCN channels (Bender
et al., 2007).

In the present study, following questions were addressed in detail:

1. Does HCN channel inhibition affect induction of LTD in early postnatal
compared to adult animals?

2. Does HCN channel inhibition affect LTD levels after its induction?

3. Which presynaptic mechanisms may play a role?



2. Material and methods

2.1.
2.1.1. Animals

Material
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All experiments were performed with either early postnatal (P9—-15) or adult (P30-60)
male CD rats purchased from Charles River (Sulzfeld, Germany) and conformed to
national and international guidelines on the ethical use of animals (European Council

Directive 86/609/EEC).

2.1.2. Devices and software

Table 1: Devices

Designation Manufacturer Origin
Vibratome Integraslice 7550MM, Campden UK
Instruments, Loughborough
Master-8 pulse stimulator A.M.P.1., Jerusalem Israel
Micro 1401 CED Cambridge Electronic Design, England
Cambridge
Signal 2.16 Cambridge Electronic Design Ltd England
EXT-08 (amplifier) npi electronic GmbH Germany
EXT-08-HS (preamplifier) npi electronic GmbH Germany
DPA-2FX (filter) npi electronic GmbH Germany
TC-10 Temperature Control npi electronic GmbH, Tamm U.S.A.
Stimulus Isolator A365 World Precision Instruments, Sarasota U.S.A.
MZ 6 Stereo Zoom Leica Germany
Mikroskope
KL 750 Kaltlichtquelle Leica Germany
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LBM7 Manual Manipulator Scientifica Ltd. Germany
Interface Chamber BSC-HT, Harvard Apparatus, Holliston U.S.A.
Perimax - peristaltic pump Spetec GmbH Germany
Haake C10 Waterbath Electron Corporation GmbH Germany
Glass pipette GB150-8P ,Science Products, Hofheim Germany
am Taunus

Pipette puller PIP5, HEKA Elektronik, Lambrecht Germany
Tefloninsulated platinum PT-2T, Science Products Germany
wires

Silverwire World Precision Instruments Inc. US.A.
Platinwire isoliert 50 pym Science Products GmbH Germany
MC1 Analytic AC 120 S Sartorius AG Germany
Osmometer Knauer Germany
RET-GS Magnet stirrer IKA Labortechnik GmbH Germany

pH-Meter CG 840 Schott-Gerate GmbH Germany
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2.1.3. Chemicals and solutions

Table 2: Chemicals

Designation Manufacturer Origin
70% Ethanol Carl Roth Ltd. Germany
D-(+)-Glucose Sigma Taufkirchen Germany
Diethyl Ether Mallinckrodt Baker, deventer Netherlands
KCI Sigma, Taufkirchen Germany
MgCl, Sigma, Taufkirchen Germany
CaCly Sigma, Taufkirchen Germany
NaHCO; Sigma, Taufkirchen Germany
NaCl Sigma, Taufkirchen Germany
NaH;PO4 Sigma, Taufkirchen Germany
NaOClI-solution, 13% Applichem, Darmstadt Germany
NaOH, 1 M Merck, Darmstadt Germany
HCI, rauchend 37% Merck, Darmstadt Germany
SR 95531 hydrobromide

(Gabazine) Tocris, Bristol England
Saccharose Sigma, Taufkirchen Germany
ZD7288 Tocris, Bristol England
L-NAME Tocris, Bristol England
D-AP5 Tocris, Bristol England

The stock solutions of ZD7288 (50 mM), D-AP5 (100 mM), Gabazine (25 mM) and L-
NAME (100 mM) were prepared with doubly distilled water. All stock solutions were
stored at - 25 ° C until experimental use by bath application in ACSF.
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Table 3: Dissection Solution for slice preparation

Chemical Formula Final concentration (mM)
Sodium Chloride NaCl 125

Sodium Hydrogen Carbonate NaHCO; 26

Potassium Chloride KCI 3

Sodium Hydrogen Phosphate NaH;PO4 1.25

Calcium Chloride CaCly 0.2

Magnesium Chloride MgCl, 5

Glucose CsH1206 13

pH 7.4, osmolarity 326-328 mosmol / kg and stored up to one week at4 ° C

Table 4: ACSF for electrophysiological recordings

Chemical Formula Final concentration (mM)
Sodium Chloride NaCl 125

Sodium Hydrogen Carbonate NaHCO; 26

Potassium Chloride KCI 3

Sodium Hydrogen Phosphate NaH;PO4 1.25

Calcium Chloride CaCl; 2.5

Magnesium Chloride MgCl, 1.3

Glucose CsH1206 13

pH 7.4, osmolarity 304-312 mosmol / kg and stored up to one week at4 ° C
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2.2. Methods

2.2.1. Hippocampal slice preparation

After deep anesthesia with diethyl ether, rats were decapitated with a guillotine. After
removal of head, the occipital scalp was cut with scissors and split the skull and the
dura mater with a median longitudinal section along the cerebral fissure. After the two
halves of the skull were carefully worked out with tweezers aside, the cerebellum was
removed with a spatula.

The remaining brain was rapidly submerged into oxygenated ice-cold dissection
solution (Table 3; gassed with 95% O, 5% CO,; pH 7.4) and fixed horizontally with
superglue on the cutting model of the cutting chamber. This was then filled with ice-
cold gassed preparation solution. Subsequently, horizontal brain slices (400 pm) of
the hippocampus were prepared in this ice-cold dissection solution with a vibratome.
The hippocampal formations of both hemispheres were carefully excised and then
transferred into a holding chamber at room temperature filled with artificial
cerebrospinal fluid (ACSF) (Table 4; gassed with 95% O, 5%CO,; pH 7.4), where
they remained at room temperature for at least 60 minutes, until they were then
transferred into the interface chamber for recording.

2.2.2. Electrophysiology

For electrophysiological recordings, hippocampal slices were transferred into an
interface chamber maintained at 32°C by means of a temperature controller and
superfused with ACSF (composition as above, perfusion rate of 2- 3mL/min). Field
excitatory postsynaptic potentials (fEPSPs) were recorded using borosilicate glass
pipettes (GB150-8P) with a tip resistance of 2-3MQ (fabricated with PIP5 puller) and
filed with ACSF. Bipolar stimulating electrodes were made from Tefloninsulated
platinum wires (PT-2T), and double-pulse stimulation (interstimulus interval 40ms)
was delivered using a Master-8 stimulator and a stimulus isolator (A365) at a
baseline rate of 0.033 Hz. The baseline stimulation strength was adjusted to 30—40%
of the maximal fEPSP amplitude and typically in the range of 50—100 pA. The evoked
potentials were amplified and filtered at 1 kHz by EXT-10-2F, digitized by Micro1401
(CED) and stored for off-line analysis by Signal 2.16.

To record from the medial perforant path—granule cell synapse, both the stimulating
and the recording electrodes were placed into the middle molecular layer (MML) of
the DG (Figure 5A). Since these synapses typically display paired-pulse depression
(Figure 5B; (Dietrich et al., 1997;Kilbride et al., 1998) double-pulse stimulation
(interstimulus interval of 40 ms) was used during the initial 5—7 minutes of each
experiment, and the paired-pulse ratio (PPR) was calculated as the ratio of the 2nd
pulse-evoked fEPSP to the 1% pulse-evoked fEPSP. In addition, gabazine (1 uM) was
added to the ACSF in order to reduce contaminations by stimulation of local
GABAergic interneuronal circuits, and single stimulation was used for the remaining
experiment.
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|1mV
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Figure 5: Schematic representation of extracellular recording of fEPSP

(A) Hippocampus slices with placement of stimulation and recording electrodes. (B) Double-
pulse stimulation to MPP evokes a paired-pulse depression in synaptic responses. fEPSP
amplitude is represented between the arrows.

Short-term depression (STD) and long-term depression (LTD) were induced by a low-
frequency stimulation (LFS) protocol (as illustrated in Figure 6) consisting of 900-
pulse-stimulation (at 1 Hz) for 15 min with baseline stimulation strength and 1.5- fold
pulse width. STD is defined as the average of fEPSP amplitudes at 0—2min after LFS
and LTD is defined as the average of fEPSP amplitudes at 55-60 minutes after LFS.
Both STD and LTD values are given as fEPSP amplitudes expressed as the
percentage of the baseline response. The influence of HCN channels and NO
signaling pathways on LFS-induced LTD were tested by bath application of ZD7288
(10 uM) and L-NAME (100 uM), respectively, which were freshly dissolved in ACSF.
Since ZD7288 was shown to depress glutamatergic receptors as well (Chen,
2004;Chevaleyre and Castillo, 2002), we performed interleaved experiments without
LFS that were used to normalize the STD and LTD values. This normalization was
performed by calculating the ratio of the LFS-treated by the non-LFS-treated control
value and expressed as the percentage of baseline response. To test the NMDAR-
dependence of LFS-LTD in MPP, the specific NMDA receptor antagonist D-2-amino-
5-phosphonopentanoate (D-AP5, 50 um) was applied prior to LFS.
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900 Pulses @ 1 Hz

Figure 6: Schematic representation of low-frequency stimulation paradigm

Low-frequency stimulation paradigm used for LTD induction is consisting of 900 pulses at 1
Hz for 15 min.

2.2.3. Statistical Analysis

All data are expressed as means + SEM the baseline fEPSP amplitude. Data were
analyzed using Signal 2.6 software and the software Microsoft office excels 2010.
Statistical comparisons were performed using Student’s two-tailed t-test. Significant
differences are indicated by asterisks (*P < 0.05; *xP < 0.01; **xxP < 0.001) for
comparisons between untreated and treated slices (unpaired test) and by open
diamonds (¢ P < 0.05; 00 P < 0.01) for comparisons between different time points
within the same group (paired test).
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3. Results

3.1. Influence of HCN channel blocker ZD7288 on LFS-induced LTD at MPP
3.1.1. LFS-induced LTD in early postnatal rats is enhanced by ZD7288

LTD in the hippocampus is commonly induced by LFS. An LFS protocol of 900
pulses at 1 Hz was employed in this study (indicated by an open bar in Figure 7A).
Such a paradigm applied to the MPP input onto dentate gyrus-granule cells caused
an immediate synaptic depression to 70 + 6% of the baseline fEPSP amplitude
(Figure 7A, closed symbols and Figure 7B, closed bar, n = 9). During the follow up of
the experiment, this short-term depression (STD) resulted in stable LTD of 80 £ 4%
of baseline at 60 minutes after LFS. Interleaved time-control experiments without LFS
demonstrated that the recording conditions were stable for at least 90 minutes (100 +
1% at the end of the experiment; open symbols in Figure 7A and open bar in Figure
7B, n=12).
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Figure 7: LFS-induced LTD in the medial perforant path in early postnatal rats

(A) The time course of the excitatory postsynaptic field potential (fEPSP) amplitude following
stimulation of the medial perforant path (MPP) in early postnatal rats (P9-15) displays LTD
(closed symbols) following low-frequency stimulation (LFS, indicated by an open bar). Time-
control experiments without LFS (open symbols) confirmed stable recording conditions.
Representative fEPSPs were taken at the beginning (indicated by “1”) and at the end
(indicated by “2”) of the experiment. (B) The bar graph shows the comparison of the fEPSP
levels at time points immediately after application of LFS and end of the experiments in both
conditions (control experiments without LFS in open bar and LFS-induced LTD experiments
in closed bar). Number of slices is given in parentheses and significant differences are
marked by asterisks.
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In order to know the effect of 10 uM ZD7288 on LFS-induction of LTD, this compound
was bath applied 10 minutes prior to LFS (Figure 8A, closed symbols, n = 7). In these
experiments, fEPSP amplitudes both immediately after LFS (STD) and at the end of
the experiment (LTD) were more markedly depressed (51 + 5% and 48 £ 3%, n = 7).
However, this enhanced STD and LTD could be biased by the synaptic depression
following ZD7288 (Chen, 2004;Chevaleyre and Castillo, 2002). Therefore, interleaved
time-control experiments without LFS (Figure 8A, open symbols and Figure 8B, open
bar, n = 7) was performed again and indeed obtained a synaptic depression when
ZD7288 was bath applied to the slices (80+2% at the end of the experiment; open
symbols in Figure 8A and open bar in Figure 8B).
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Figure 8: Influence of ZD7288 pre-application on LFS-induced LTD in early postnatal
rats

(A) The time course of the fEPSP amplitude following ZD7288 treatment (starting 10 min
prior to LFS, indicated by a closed bar) shows an enhanced depression in LFS-treated slices
(closed symbols). Non-LFS-treated time-control experiments (open symbols) showed a
synaptic depression after ZD7288 application. (B) Note the large difference of fEPSP
amplitudes at the end of the experiment (ZD7288 treated time control experiments in open
bar and ZD7288 treated LFS-induced LTD experiments in closed bar) which was more
pronounced than that without ZD7288 application in Figure 7.
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In order to directly compare LFS-induced LTD with and without HCN channel
inhibition, we normalized LFS-treated slices (closed symbols in Figures 7A and 8A) to
non-LFS-treated slices (open symbols in Figures 7A and 8A). This normalization
indeed revealed that both STD and LTD were significantly enhanced by ZD7288 pre-
application as compared to interleaved time-control experiments (STD with ZD7288:
53 £ 5%, STD control: 69 + 6%; P < 0.05; LTD with ZD7288: 62+4%, LTD control:
80+4%, P < 0.01; Figures 9A and 9B). These results so far indicate that HCN
channel activation during LFS appears to constrain both STD and LTD.
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Figure 9: ZD7288 application before LFS enhances LTD in early postnatal rats

(A) Normalized time courses of fEPSP amplitudes in conditions: without ZD7288 (open
symbols) and ZD7288 before LFS (closed symbols). (B) The bar graph summarizes the STD
and LTD levels of two different conditions. Note that both STD and LTD were significantly
enhanced by ZD7288 pre-application as compared to interleaved time-control experiments.

The number of slices is given in parentheses (number of LFS-treated slices/number of non-
LFS-treated slices).
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Then a question arose that whether ZD7288 would also exert this effect when
applied after LFS has been completed. This is an important control experiment since
STD—in this case—is recorded before ZD7288 could actually depress synaptic
transmission and thus should not be altered by HCN channel inhibition (Figure 10). In
fact, STD was unaltered by ZD7288 treatment after LFS (68 £ 5%, n = 9, gray
symbols in Figure 10A and gray bar in Figure 10B). But importantly, fEPSP
amplitudes at the end of the experiment were 65 + 4% in LFS-treated slices and 81 +
3% in non-LFS-treated control experiments (open symbols in Figure 10A and open
bar in Figure 10B).
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Figure 10: Influence of ZD7288 application after LFS in LFS-induced LTD in early
postnatal rats

(A) The time course of the fEPSP amplitude following ZD7288 treatment (starting after LFS,
indicated by a gray bar) shows a synaptic depression in both LFS-treated (gray symbols) and
non-LFS-treated time-control experiments (open symbols) (B) Comparing the fEPSP
amplitude between LFS-treated (gray bar) and non-LFS-treated time-control experiments
(open bar) reveals a synaptic depression which was similar to that in non-ZD7288 conditions
shown in Figure 7.
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In order to directly compare the influence of HCN channels on the expression of LFS-
induced LTD, we normalized LFS-treated slices to non-LFS-treated slices. Following
normalization, both STD and LTD were no longer significantly different from control
experiments without ZD7288 application (STD: 68 + 5%; LTD: 81 + 5%; gray symbols
in Figure 11A and gray bar in Figure 11B). On the one hand, this experiment
suggests that the LTD enhancement is a specific ZD7288-mediated effect and not an
artifact due to normalization procedure. On the other hand, these data also indicate
that HCN channel activation modulate the induction but not the expression of LFS-
induced LTD.
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Figure 11: ZD7288 application after LFS has no effect on LFS-induced LTD in early
postnatal rats

(A) Normalized time courses of fEPSP amplitudes in conditions: without ZD7288 (open
symbols) and ZD7288 after LFS (gray symbols). (B) Note that similar levels of LFS-induced
STD and LTD were obtained in both slices without ZD7288 and slices with ZD7288 after
LFS.
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Another important pitfall in recording MPP-evoked fEPSPs is the potential
contamination by field potentials following stimulation of the adjacent fiber tract—the
lateral perforant path (LPP). The propensity of LTD to be obtained in the middle
molecular layer may actually vary with the degree of contamination by LPP
stimulation. Therefore, the paired-pulse ratio (PPR) was analyzed in all six
experimental groups at the beginning of the experiment, that is, before LFS and/or
ZD7288 was applied. As shown in Figure 12, there were no significant differences in
the PPR between all groups (on average 76%), thus indicating a negligible
contamination by LPP-evoked field potentials.
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Figure 12: No significant differences in PPR between early postnatal groups

The bar graph summarizes the paired-pulse ratio of all experimental groups recorded at the
beginning of each experiment, that is, before ZD7288 and/or LFS were applied to the slices.
Note that the PPR was similar in all groups. All data are mean + SEM.
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3.1.2. LFS-induced LTD in adult rats is not affected by ZD7288

The results presented so far indicated a constraining effect of HCN channels on LFS-
induced LTD in early postnatal MPP-dentate gyrus synapses. Then a question was
asked that whether this LTD enhancement following ZD7288 treatment was due to an
inhibition of presynaptic HCN channels that are abundant in immature MPP, but
disappear with aging (Bender et al., 2007). Therefore these experiments were
repeated with adult rats (P30-60).

In slices taken from these animals, LFS applied to the MPP caused a short-term
depression to 82 + 2% of the baseline fEPSP amplitude (Figure 13A in closed
symbols and Figure 13B in closed bar, n = 6) and resulted in stable LTD of 81 £+ 3%
of baseline at 60 minutes after LFS. Interleaved time-control experiments without LFS
demonstrated that our recording conditions were again stable for at least 90 minutes
(100 = 2% at the end of the experiment; open symbols in Figure 13A and open bar in
Figure 13B, n = 8).
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Figure 13: LFS-induced LTD in the medial perforant path in adult rats

(A) The time course of the fEPSP amplitude following LFS in adult rats (P30-60) shows LTD
(closed symbols) as compared to time-control experiments without LFS (open symbols).
Representative fEPSPs were taken at the beginning (indicated by “1”) and at the end
(indicated by “2”) of the experiment. (B) The bar graph displays the comparison of the fEPSP
levels at time points immediately after application of LFS and end of the experiments in both
conditions (control experiments without LFS in open bar and LFS-induced LTD experiments
in closed bar). Number of slices is given in parentheses and significant differences are
marked by asterisks.
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As in early postnatal rats, The effect of 10uM ZD7288 on LFS-induced LTD was
studied and thus this compound was applied 10 minutes prior to LFS (Figure 14A,
closed symbols, n = 9). Under HCN channel blocking conditions, both STD and LTD
appeared to be more depressed as compared to slices without ZD7288 treatment (63
t+ 4% and 65 * 4%, closed bar in Figure 14B, n = 9). However, this enhanced STD
and LTD could again be biased by ZD7288-mediated synaptic depression, and
interleaved time-control experiments without LFS (Figure 14A, open symbols, n = 6)
indeed revealed a significant synaptic depression to 77 + 4% at the end of the
experiment (open bar in Figure 14B).
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Figure 14: Influence of ZD7288 pre-application in LFS-induced LTD in adult rats

(A) The time course of the fEPSP amplitude following ZD7288 treatment (starting 10 min
prior to LFS, indicated by a closed bar) shows a synaptic depression in both LFS-treated
(closed symbols) and non-LFS-treated time-control experiments (open symbols). (B)
Comparing the fEPSP amplitude between LFS-treated (closed bar) and non-LFS-treated
time-control experiments (open bar) reveals a synaptic depression which was similar to that
in non-ZD7288 conditions shown in Figure 13.
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Since ZD7288 itself mediates synaptic depression, it was again necessary to
normalize LFS-treated slices (closed symbols in Figures 13A and 14A) to non-LFS-
treated slices (open symbols in Figures 13A and 14A). In contrast to slices from early
postnatal rats, the normalized values for both STD and LTD were no longer
significantly different between ZD7288-treated and ZD7288-untreated conditions
(STD with ZD7288: 70 + 4%, STD control: 81 £ 5%; LTD with ZD7288: 85 + 5%, LTD
control: 85 + 6%, Figures 15A and 15B). Thus, HCN channel activation failed to have
a significant effect on STD and LTD in adult rats.
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Figure 15: ZD7288 failed to have effect on LFS-induced LTD in adult rats

(A) Normalized time courses of fEPSP amplitudes in both conditions: without ZD7288 (open
symbols) and ZD7288 before LFS (closed symbols). Note that similar levels of LFS-induced
STD and LTD were obtained in both slices without ZD7288 and slices with ZD7288 before
LFS. (B) The bar graph summarizes the STD and LTD levels in both ZD7288 (open bar) and
non-ZD7288 conditions (closed bar). The number of slices is given in parentheses (number
of LFS-treated slices/number of non-LFS-treated slices).
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There were no significant differences in the PPR between all groups again (on
average 80%, Figure 16) and a contamination by LPP-evoked field potentials is
therefore unlikely.
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Figure 16: No significant differences in PPR between adult groups

The bar graph summarizes the paired-pulse ratio of all experimental groups recorded at the
beginning of each experiment, that is, before ZD7288 and/or LFS were applied to the slices.
Note that the PPR was similar in all groups. All data are mean + SEM.
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3.1.3. LFS-induced LTD at MPP is NMDA receptor dependent

These results may suggest that HCN channel-mediated suppression of LFS-induced
LTD is downregulated during developmental maturation. However, one could argue
that LFS-induced LTD in different ages may involve different induction mechanisms.
Therefore a question was asked that whether NMDA receptors are required for LTD
induction in both age groups and our experiments were repeated in the presence of
the NMDA receptor antagonist D-APS (50uM). In fact, LTD was abolished under
these conditions in both adult (95 £ 7%, n = 5) and early postnatal rats (95 £ 3%, n =
8; Figures 16A and 16B; both age groups P < 0.05 versus untreated slices). Hence,
differential NMDA receptor dependence of LTD induction cannot explain the
differences in immature and adult tissues.
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Figure 17: LFS-induced LTD in MPP is NMDA receptor dependent in both adult and
early postnatal rats

(A) The time course of the fEPSP amplitude following LFS in adult (P30-60, open symbols)
and early postnatal rats (P9-15, closed symbols) shows no LTD in the presence of the
NMDA receptor blocker D-AP5 (50 uM, indicated by a black bar). Representative fEPSPs
were taken at the beginning (indicated by “1”) and at the end (indicated by “2”) of the
experiment. (B) The bar graph summarizes the STD and LTD levels in both adult (open bars)
and early postnatal rats (closed bars) in the presence of D-AP5.
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3.1.4. ZD7288 increase PPR in early postnatal, but not in adult rats

Since immature MPP axon terminals express presynaptic HCN channels that have
been demonstrated to be downregulated upon maturation (Bender et al., 2007).
Thus, a question arose, whether ZD7288 might alter the paired-pulse ratio (PPR) in
slices from early postnatal and adult rats (Figure 18). Initial experiments revealed that
bath application of ZD7288 occasionally led to an exacerbation of disinhibitory
network activity, probably due to gabazine which was present in all our solutions.
Therefore, we first recorded a baseline with paired-pulse stimulation, then incubated
the slices with ZD7288 (10uM) while switching off the stimulation for 15min, and
finally delivered paired-pulse stimulation again for another 20min (Figures 18A and
18B). As shown previously (Figures 8 and 14), ZD7288 generally depressed MPP-
evoked fEPSPs. However, in slices from immature rats, the field potential evoked by
the first stimulus (fEPSP1, gray boxes in Figure 18A) appeared to be more affected
by this compound than the second response (fEPSP2, gray diamonds in Figure 18A).
As a consequence, ZD7288 caused a significant increase of the normalized paired-
pulse ratio (117 + 4%, n = 8, gray symbols/bars in Figures 18C and 18D). In adult
rats, however, ZD7288 depressed the first and second fEPSP to the same degree
resulting in no significant change of the PPR (98 + 2%, n = 11, open symbols/bars in
Figures 18C and 18D). These findings indicate that HCN channel blockade causes a
reduction of fEPSP amplitudes in both immature and adult tissues. But, in addition, it
leads to an increase of the paired-pulse ratio only in immature synapses suggesting
that presynaptic HCN channels facilitate glutamate release.
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Figure 18: ZD7288 enhances the paired-pulse ratio in early postnatal rats, but not in
adults

(A) The time course of the fEPSP amplitudes (normalized to the fEPSP1 baseline) following
paired-pulse stimulation (interpulse interval 40 ms) delivered to the MPP in early postnatal
rats (P9-15) shows that ZD7288 (indicated by a black bar) depressed the first response
(fFEPSP1, gray boxes) more markedly than the second response (fEPSP2, gray diamonds).
Representative fEPSPs were taken at the beginning (indicated by “1”) and at the end
(indicated by “2”) of the experiment. (B) The time course of the fEPSP amplitudes
(normalized to the fEPSP1 baseline) following paired-pulse stimulation (interpulse interval
40 ms) delivered to the MPP in adult rats (P30—60) shows that ZD7288 (black bar) depressed
the first (fEPSP1, open boxes) and the second response (fEPSP2, open diamonds) to the
same degree. Representative fEPSPs were taken at the beginning (indicated by “1”) and at
the end (indicated by “2”) of the experiment. (C) Time courses of the PPR (normalized to
baseline PPR) in both age groups: adult (open symbols) and early postnatal rats (gray
symbols). Note that ZD7288 increased PPR only in early postnatal animals. (D) The bar
graph summarizes the normalized paired-pulse ratio of both age groups recorded before and
after ZD7288 treatment. ZD7288 significantly increased the PPR in early postnatal, but not in
adult, animals. All data are mean + SEM.
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3.2. LFS-induced LTD in early postnatal, but not in adult rats, is enhanced by
NOS inhibitor L-NAME

This finding so far indicate that LFS-induced LTD is NMDA receptor dependent and—
in the case of early postnatal synapses—is compromised by HCN channel activation.
If indeed presynaptic HCN channels might be responsible for this modulation in
immature tissue, a retrograde signaling pathway has to be postulated to transfer the
information of postsynaptic NMDA receptor activation to presynaptic HCN channels.
One major retrograde messenger is nitric oxide (NO) produced by postsynaptic NO
synthase (NOS) which travels through the synaptic cleft to activate presynaptic
guanylate cyclases (Neitz et al., 2011;Stanton et al., 2003).

This hypothesis was tested by repeating these experiments in the presence of the
NOS blocker L-NAME (100uM), and this compound was bath applied 10 min prior to
LFS. In these experiments, fEPSP amplitudes both STD and LTD were more
markedly depressed (closed symbols in Figure 19A and closed bar in Figure 19B;
STD: 62 £ 5% and LTD: 66 + 6%, n = 7) in early postnatal rats. Interleaved time-
control experiments without LFS display that L-NAME itself had no effect on MPP-
evoked fEPSPs (open symbols in Figure 19A, and open bar in Figure 19B, 100 + 6%,
n=7).
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Figure 19: Influence of L-NAME on LFS-induced LTD in early postnatal rats

(A) The time course of the fEPSP amplitude following LFS in early postnatal rats (P9-15)
shows robust LTD (closed symbols) as compared to time-control experiments without LFS
(open symbols). L-NAME (100 uM) was applied 10 min prior to LFS (indicated by a lack bar).
Representative fEPSPs were taken at the beginning (indicated by “1”) and at the end
(indicated by “2”) of the experiment. (B) Note the large difference of fEPSP amplitudes at the
end of the experiment (L-NAME treated time control experiments in open bar and L-NAME
treated LFS-induced LTD experiments in closed bar) which was more pronounced than that
in control conditions without L-NAME application (Figure 7). Number of slices is given in
parentheses and significant differences are marked by asterisks.
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The same procedure as in early postnatal rats, 100uM L-NAME was bath applied 10
min prior to LFS to slices from adult animals. In these experiments, fEPSP
amplitudes at the end of the experiment were 84 + 3% in LFS-treated slices (closed
symbols in Figure 20A and closed bar in Figure 20B) and 101 £ 2% in non-LFS-
treated control experiments showing L-NAME itself had no effect on MPP-evoked
fEPSPs (open symbols in Figure 20A and open bar in Figure 20B).
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Figure 20: Influence of L-NAME on LFS-induced LTD in adult rats

(A) The time course of the fEPSP amplitude following LFS in adult rats (P30-60) also shows
LTD (closed symbols) as compared to time-control experiments without LFS (open symbols).
L-NAME (100 uM) was applied 10 min prior to LFS (indicated by a lack bar). Note that less
LTD was obtained when compared to early postnatal animals (Figure 19). Representative
fEPSPs were taken at the beginning (indicated by “1”) and at the end (indicated by “2”) of the
experiment. (B) Note that the fEPSP amplitude at the end of the experiment (LFS-treated in
closed bar and non-LFS-treated time-control experiments in open bar) was similar to that in
non-L-NAME conditions shown in Figure 13.
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L-NAME itself had no effect on MPP-evoked fEPSPs in both age groups (early
postnatal: open symbols in Figure 19A; adult: open symbols in Figure 20A).
Normalization to non-LFS-treated slices revealed that L-NAME significantly enhanced
LTD in early postnatal tissue (66 £ 6%, n = 7, Figure 21A in closed bar), when
compared to control conditions (80 £ 4%, n = 9; P < 0.05, Figure 21A in open bar).
This modulatory role of L-NAME was lost in adult tissue (with L-NAME: 81 + 3%, n =
7; without L-NAME: 85 £ 6%, n = 6, Figure 21A). The PPR analysis of all L-NAME-
treated slices (on average 78%) did not detect any significant differences, thus
arguing against LPP contamination (Figure 21B).
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Figure 21: L-NAME enhances LFS-induced LTD in early postnatal, but not adult, rats

(A) The bar graph summarizes the LTD levels for slices treated with L-NAME (closed bars).
For the sake of clarity, data from Figures 9(B) and 15(B) is also shown in order to illustrate
non-L-NAME conditions (open bars). The number of slices is given in parentheses (number
of LFS-treated slices/number of non-LFS-treated slices). (B) The bar graph summarizes the
paired-pulse ratio of all experimental groups recorded at the beginning of each experiment,
that is, before L-NAME and/or LFS were applied to the slices. Note that the PPR was similar
in all groups. All data are mean + SEM.
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These results obtained with L-NAME are reminiscent of the effect of HCN channel
inhibition on LFS-induced LTD and suggest that retrograde signaling with NO might
play a major role in the linkage between postsynaptic NMDA receptor activation and
presynaptic HCN channel function.
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3.3. Influence of ZD7288 and L-NAME coapplication on LFS-induced LTD at
MPP—granular cell synapses
3.3.1. LFS-induced LTD is enhanced by co-application of ZD7288 and L-NAME

in early postnatal rats

These findings so far indicated that both HCN channel blocker ZD7288 and NOS
inhibitor L-NAME enhanced LFS-induced LTD in early postnatal synapses. Because
HCN channels are known to be also modulated by guanosine cyclic monophosphate
(cGMP), a cellular regulatory agent and which has been described as a second
messenger, we hypothesized that the effects of these two blockers are mediated by
the same pathways. Generation of cGMP in the presynapse via NO retrograde
signaling pathway might affect HCN channel activities in the MPP terminals.

In order to clarify this, we conducted additional experiments by bath-application of
ACSF containing both ZD7288 (10 uM) and L-NAME (100uM). Similar to our
previous data obtained by application of either ZD7288 or L-NAME, co-application of
these compound 10 minutes prior to LFS caused marked reduction of fEPSPs
inducing significant STD and LTD (STD: 48 + 3%, LTD: 52 + 5%, n =8; Figure 22C
and 22D, closed symbols) as compared to the control conditions without presence of
any blockers (STD: 68 £ 7% and LTD: 83 £ 2%, n =4; Figure 22A and 22B, closed
symbols). However, the enhancement of STD and LTD could again be biased by
ZD7288-mediated synaptic depression (Figure 22C, closed symbols), because
interleaved time-control experiments without LFS (Figure 22C, open symbols)
revealed a significant synaptic depression to 85 + 2% at the end of the experiment
(open bar in Figure 22D, n = 7). Time-control experiments without LFS (open
symbols in Figure 22A and open bar in Figure 22B; n = 8) confirmed stable recording
conditions.
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Figure 22: Influence of ZD7288 and L-NAME on LFS-induced LTD in early postnatal
rats

(A) The time course of fEPSP amplitude following LFS on MPP in early postnatal rats (P9—
15) displays LTD (closed symbols) as compare to time-control experiments without LFS
(open symbols). Representative fEPSPs were taken at the beginning (indicated by “1”) and
at the end (indicated by “2”) of the experiment. (B) The bar graph shows the comparison of
the fEPSP levels at time points immediately after application of LFS and end of the
experiments in both conditions (control experiments without LFS in open bar and LFS-
induced LTD experiments in closed bar). Number of slices is given in parentheses and
significant differences are marked by asterisks. (C) The time course of the fEPSP amplitude
following ZD7288+L-NAME treatment (starting 10 min prior to LFS, indicated by a closed bar)
shows an enhanced depression in LFS-treated slices (closed symbols). Non-LFS-treated
time-control experiments (open symbols) showed a synaptic depression after co-application
of ZD7288+L-NAME. (D) Note the large difference of fEPSP amplitudes at the end of the
experiment (ZD7288+L-NAME treated time control experiments in open bar and ZD7288+L-
NAME treated LFS-induced LTD experiments in closed bar) which was more pronounced
than that without ZD7288+L-NAME in (A) and (B).
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In order to get pure results, we normalized LFS-treated slices (closed symbols in
Figures 22A and 22C) to non-LFS-treated slices (open symbols in Figures 22A and
22C). This normalization indeed revealed that LTD was significantly enhanced by co-
application of ZD7288 and L-NAME (STD: 53 £ 3%; LTD: 61£6%; n=8/7; Figures 23A
and 23B) as compared to interleaved time-control experiments (STD: 66 + 7%; LTD:
82+2%, 4/6; P < 0.05; Figures 23A and 23B). These results indicate that LFS-
induced LTD could also be enhanced by simultaneous blockade of both HCN
channels and NOS. Finally, as shown in Figure 23C, there were no significant
differences in the PPR between all groups (on average 70%), thus indicating a
negligible contamination by LPP-evoked field potentials.
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Figure 23: Co-application of ZD7288 and L-NAME enhances LTD in early postnatal rats

(A) Normalized time courses of fEPSP amplitudes in conditions: without (ZD7288+L-NAME)
treated (open symbols) and (ZD7288+L-NAME) treated (closed symbols). (B) The bar graph
summarizes the STD and LTD levels of two different conditions. Note that both STD and LTD
were significantly enhanced by ZD7288 and L-NAME co-application as compared to
interleaved time-control experiments. The number of slices is given in parentheses (number
of LFS-treated slices/number of non-LFS-treated slices). (C) The bar graph summarizes the
paired-pulse ratio of all experimental groups recorded at the beginning of each experiment,
that is, before ZD7288+L-NAME and/or LFS were applied to the slices. Note that the PPR
was similar in all groups. All data are mean + SEM.
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3.3.2. LFS-induced LTD in adult rats is not affected by co-application of ZD7288
and L-NAME

As in early postnatal rats, the effect of 10pM ZD7288 and 100uM L-NAME on LFS-
induced LTD was studied in adult rats. Thus, as shown in Figure 24C, ACSF
containing these compounds were bath-applied 10 minutes prior to LFS. Under this
conditions, both STD and LTD appeared to be more depressed (78 + 3% and 68 +
4%, n =8, closed symbols in Figure 24C and closed bar in Figure 24D) as compared
to slices without any drug treatment (72 £ 2% and 85 + 3%, n=9, closed symbols in
Figure 24A and closed bar in Figure 24B). However, this enhanced STD and LTD
could again be biased by ZD7288-mediated synaptic depression, and interleaved
time-control experiments without LFS (Figure 24C, open symbols, n = 9) indeed
revealed a significant synaptic depression to 80 + 5% at the end of the experiment
(open bar in Figure 24D). Time-control experiments without LFS (open symbols in
Figure 24A and open bar in Figure 24B) confirmed stable recording conditions.
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Figure 24: Influence of ZD7288 and L-NAME on LFS-induced LTD in adult rats

(A) The time course of fEPSP amplitude following LFS on in adult rats (P30-60) shows LTD
(closed symbols) as compared to time-control experiments without LFS (open symbols).
Representative fEPSPs were taken at the beginning (indicated by “1”) and at the end
(indicated by “2”) of the experiment. (B) The bar graph displays the comparison of the fEPSP
levels at time points immediately after application of LFS and end of the experiments in both
conditions (control experiments without LFS in open bar and LFS-induced LTD experiments
in closed bar). Number of slices is given in parentheses and significant differences are
marked by asterisks. (C) The time course of the fEPSP amplitude following ZD7288+L-
NAME treatment (starting 10 min prior to LFS, indicated by a closed bar) shows a synaptic
depression in both LFS-treated (closed symbols) and non-LFS-treated time-control
experiments (open symbols). (D) Comparing the fEPSP amplitude between LFS-treated
(closed bar) and non-LFS-treated time-control experiments (open bar) reveals a synaptic
depression which was similar to that in non-ZD7288+L-NAME conditions shown in (A) and

(B).
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Since ZD7288 itself mediated synaptic depression, it was again necessary to
normalize LFS-treated slices (closed symbols in Figures 24A and 24C) to non-LFS-
treated slices (open symbols in Figures 24A and 24C). In contrast to slices from early
postnatal rats, the normalized values for both STD and LTD were no longer
significantly different between ZD7288+L-NAME treated (STD: 81 + 3%; LTD: 86 %
5%; n= 8/10) and ZD7288+L-NAME untreated conditions (STD: 70 + 2%; LTD: 85 %
3%, n= 9/6; Figures 25A and 25B). Thus, the modulatory role of ZD7288+L-NAME
was lost in adult rats. There were no significant differences in the PPR between all
groups again (on average 77%, Figure 25C) and a contamination by LPP-evoked
field potentials is therefore unlikely.
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Figure 25: Co-application of ZD7288 and L-NAME failed to have effect on LFS-induced
LTD in adult rats

(A) Normalized time courses of fEPSP amplitudes in conditions: without ZD7288+L-NAME
treated (open symbols) and with ZD7288+L-NAME treated (closed symbols). Note that
similar levels of LFS-induced STD and LTD were obtained in both slices without ZD7288+L-
NAME and slices with ZD7288+L-NAME. (B) Bar graphs summarize the STD and LTD levels
of two different conditions. The number of slices is given in parentheses (humber of LFS-
treated slices/number of non-LFS-treated slices). (C) Bar graphs summarize the paired-pulse
ratio (PPR) of all experimental groups recorded at the beginning of each experiment, that is,
before ZD7288+L-NAME and/or LFS were applied to the slices. Note that the PPR was
similar in all groups. All data are mean + SEM.
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3.4. Summary of LTD results

For the sake of clarity, data already shown in Figures 9B, 11B, 15B, 21A, 23B and
25B are recapitulated in Figure 26 to demonstrate normalized LTD levels in different
experimental conditions. As you may notice, in early postnatal rats, fEPSP
amplitudes were markedly lower in conditions when slices were perfused with ACSF
containing ZD7288 (before LSF), L-NAME and ZD7288+L-NAME, indicating more
LTD induction in these groups. Statistical analyses show LTD enhancement
observed in these groups are all significantly different from control group, but not
different between each groups. In contrast to early postnatal rats, similar levels of
LFS-induced LTD were obtained in all slices without or with ZD7288, L-NAME and
ZD7288+L-NAME in adult rats.
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Figure 26: Comparison of LTD levels in different experimental conditions

Bar graphs summarize fEPSP amplitudes in different conditions: control (white), ZD7288
after (yellow), ZD7288 before (blue), L-NAME (gray), and ZD7288+L-NAME (black). The
number of slices is given in parentheses (number of LFS-treated slices/number of non-LFS-
treated slices). Note that, in early postnatal rats, LTD was significantly enhanced in similar
degree in all groups when slices were perfused with ACSF containing ZD7288 (before LSF),
L-NAME and ZD7288+L-NAME. In contrast to early postnatal rats, similar levels of LFS-
induced LTD were obtained in all slices without or with ZD7288, L-NAME and ZD7288+L-
NAME in adult rats.
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4. Discussion

The role of HCN channels on synaptic plasticity is still not well known. Particularly the
role of presynaptic HCN channels on MPP-LTD is not entirely clear. The major
findings of the present study are as followings:

(1) HCN channel blocker ZD7288 causes a strong reduction of fEPSP amplitudes
in MPP-granular cell synapses in both immature and adult tissues, but an
increase of the paired-pulse ratio (PPR) only in immature synapses.

(2) Low-frequency stimulation (LFS) delivered to MPP resulted in LTD which was
significantly enhanced by ZD7288 in the early postnatal age, but not in adult
animals.

(8) LFS-induced LTD in MPP—granular cell synapses of both adult and early
postnatal rats is NMDA receptor dependent.

(4) LFS delivered to MPP resulted in LTD which was significantly enhanced
following application of NOS inhibitor L-NAME during the early postnatal age,
but not in adult animals.

(5) LFS-induced LTD in MPP—granular cell synapses was also enhanced by co-
application of L-NAME and ZD7288 in the early postnatal age, but the amount
of LTD was not statistically different from the LTD obtained by the application
of either of these compounds.

Taken together these findings, it is suggested that presynaptic HCN channel
activation during neuronal activity may compromise the propensity of LTD obtained at
these synapses.
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4.1. Electrophysiological characterization of MPP—granular cell synapses

Information flows into the hippocampus mainly by the perforant path (PP) which
targets neurons in the DG and in the CA1-3 regions. The axonal tracts that form the
PP split into two anatomically and functionally distinct pathways, the MPP and the
LPP. The MPP and the LPP, which travel along the middle and the outer third of
stratum lacunosum-moleculare, respectively, and target different sections of the
granule cell dendritic tree (Hjorthsi and Jeune, 1972;Sewards and Sewards,
2003;Steward, 1976;Witter, 1993). If electrodes were correctly positioned, we get
paired-pulse depression in MPP-granular cell synapses (Dietrich et al., 1997;Kilbride
et al., 1998) with a double-pulse stimulation protocol (40 ms interpulse interval), and
paired-pulse facilitation in the LPP-DG synapses. However, an important pitfall in
recording MPP-evoked fEPSPs is the potential contamination by field potentials
following stimulation of the adjacent fiber tract—the lateral perforant path (LPP). The
propensity of LTD to be obtained in the middle molecular layer may actually vary with
the degree of contamination by LPP stimulation. Therefore, we analyzed the paired-
pulse ratio (PPR) in all experimental groups at the beginning of the experiment, and
we found no significant differences in the PPR between all groups (on average 76%),
thus indicating a negligible contamination by LPP-evoked field potentials. In addition,
gabazine (1 uM) was added to the ACSF in order to reduce contaminations by
stimulation of local GABAergic interneuronal circuits (Houser, 2007).

4.2. Presynaptic HCN channels facilitate synaptic transmission in MPP-

granular cell synapses by glutamate release

Previous reports have suggested that HCN channels are present at excitatory
presynaptic terminals and may modulate transmitter release in the chick ciliary
ganglion (Fletcher and Chiappinelli, 1992), the crayfish neuromuscular junction
(Beaumont and Zucker, 2000), the rat calyx of Held synapse (Cuttle et al., 2001), and
in the hippocampus (Bender et al., 2007), although HCN channels are both pre-and
post-synaptically expressed in the IC and hippocampus (Notomi and Shigemoto,
2004).

We have shown that basal synaptic transmission is modulated by HCN channels at
MPP-DG synapses. Blockade of HCN channels by ZD7288 caused a time-dependent
decrease in fEPSP amplitude in both age groups, but accompanied by an increase in
the PPR in postnatal but not adult rats indicating that pharmacological inhibition of
HCN channels in postnatal tissue enhances glutamatergic synaptic transmission. The
explanation of mechanisms mediated by ZD7288 in synaptic function may be
confounded by other effects such as its action on glutamate receptors (Chen,
2004;Tokay et al., 2009). While LTD was found to be NMDA receptor dependent in
both age groups, HCN channels are predominantly expressed on MPP axon
terminals at early postnatal ages, but this presynaptic location is lost during
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development (Bender et al., 2007;Tokay et al., 2009). Albeit postsynaptic expression
of HCN channels on granule cell dendrites cannot entirely be excluded, there were
no differences between slices from early postnatal and adult animals (Bender et al.,
2007). In the present study, we, in fact, found a significant increase of the paired-
pulse ratio by HCN channel inhibition in early postnatal, but not in adult tissue,
confirming a facilitating role of presynaptic HCN channels in transmitter release.
However, as it has been suggested that ZD7288 depresses synaptic transmission
independently of affecting HCN channels (Chevaleyre and Castillo, 2002), it is
possible that the observed effect of ZD7288 might be underestimated. This will be
further clarified by using HCN knockout animals in our future studies.

Taken together, our results provide strong support for the involvement of presynaptic
HCN channels in modulating MPP—granular cell synaptic transmission. Therefore, the
differential effect of ZD7288 on LFS-induced LTD in these two age groups strongly
supports the idea that presynaptic HCN channels contribute to the ZD7288-mediated
LTD enhancement.

4.3. HCN channel activation modulates the induction but not the expression
of LFS-induced LTD

As indicated by our finding that HCN channel constrain LFS-induced LTD in early
postnatal but not in adult ones, which is compatible with Bender's work that HCN
channels are predominantly expressed on MPP axon terminals at early postnatal
ages but lost during maturation (Bender et al., 2007).

How can presynaptic HCN channels modulate LTD? In general, activity-dependent
changes in synaptic strength may arise from both pre- and postsynaptic mechanisms.
In hippocampal dendrites, it was proposed that HCN channels have at least two
major effects, that is, (i) an active shunting conductance and (ii) a tonic depolarization
leading to a reduced excitatory postsynaptic potential (EPSP) amplitude and a
compromised temporal summation (Brager and Johnston, 2007;Fan et al.,
2005;George et al., 2009;Magee, 1998;Magee, 1999;Poolos et al., 2002;Tsay et al.,
2007). On the other side, presynaptic HCN channels have been suggested to
increase the reliability of neurotransmitter release via exerting a tonic depolarization
on the presynaptic membrane (Aponte et al., 2006). The underlying mechanisms may
involve interaction with T-type Ca®* channels as shown recently in axons terminating
on entorhinal layer Il pyramidal cells, where the HCN channels were found to
influence Cav3.2 activity (Huang et al., 2011). Reducing presynaptic HCN activity
could thus result in an altered frequency (Lupica et al., 2001;Southan et al., 2000) or
failure rate (Debanne, 2004) of action potential-dependent transmitter release.
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4.4. Postsynaptic NO production and presynaptic HCN channel activation

compromise LFS-induced LTD at immature synapses

Nitric oxide (NO) is a free radical gas produced endogenously by a variety of
mammalian cells, synthesized from arginine by nitric oxide synthases (NOSs). As a
rapidly diffusible messenger molecule, NO has been implicated as a neuromodulator
in synaptic transmission for two decades (Boehning and Snyder, 2003;Garthwaite,
2008;Snyder and Bredt, 1991). More specifically, there is indeed a large body of
evidence supporting the role of NO in modulating synaptic transmission in the CA1
region of the hippocampus (Stanton et al., 2003;Zhang et al., 2006), reviewed in (Felil
and Kleppisch, 2008), but the role of NO in the molecular layer of the dentate gyrus
has attracted less attention. One study found that NO synthase inhibition blocked
both LTP and LTD at these synapses (Wu et al., 1997). Despite this, the underlying
mechanisms by which NO modulates synaptic transmission remain still an unraveled
question. In our search for mechanism of presynaptic HCN channel modulation on
MPP-LTD, we postulate that NO, as a signaling molecule produced in postsynapses
and travels through the synaptic cleft to presynapses, modulates glutamate release
via presynaptic HCN channels thus compromise LTD induction.

Under physiological conditions, NOSs, which comprise two isoforms in the neural
tissue—the endothelial NOS (eNOS) and neuronal NOS (nNOS)—are responsible
for the formation of NO as a signaling molecule. NOSs are calcium-dependent
enzymes activated by Ca®*—calmodulin complex under conditions of elevated
intracellular Ca?*concentrations by NMDAR activation at excitatory synapses
(Christopherson et al.,, 1999;Makara et al., 2007;Prast and Philippu, 2001). This
locally activation of NOSs enhances the production of NO in these synapses, which
can freely cross cell membranes and is detectable only a few micrometers around its
site of production (Namiki et al., 2005). Many of physiological effects of NO as a
signaling molecule are mediated by activating specialized receptors NO-sensitive
guanylate cyclases (NO-GCs) resulting in cGMP synthesis from GTP, a typical
downstream effect of the NO retrograde signaling pathway (Feil and Kleppisch,
2008;Koesling et al., 2004;Mergia et al., 2009). There are two isoforms of NO-GC in
the central nervous system, the more widely expressed NO-GC1, and NO-GC2
(Mergia et al., 2003). However, no differences have been detected between the
isoforms in catalytic or regulatory properties (Russwurm et al., 1998).

The NO-induced the activation of NO-GCs and production of cGMP may alter the
probability of vesicular release depending on the type of synaptic terminal and brain
region(Garthwaite, 2008). The rodent hippocampus was found to express cGMP-
producing NO-GCs (Koesling et al., 2004;Teunissen et al., 2001), and the expression
of NOSs and NO-GCs was detected during the early postnatal days (Chung et al.,
2004;Giuili et al., 1994). Synaptic distribution of these proteins indicated that NOSs
are postsynaptically present in glutamatergic and GABAergic synapses, whereas the
NO-GC is expressed in glutamatergic and GABAergic axon terminals (Cserep et al.,
2011), suggesting that NO signaling is likely modulate transmitter release in these
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synapses. In supporting these findings, measurements of long-term potentiation
(LTP) in the hippocampus indicated that both NO-GC isoforms are required for LTP,
as LTP was abolished in mice lacking either NO-GC1 or NO-GC2 (Tagatgeh et al.,
2009). More recently, Neitz and colleagues found reductions in glutamate release in
hippocampal synapses in the NO-GC1 KO mice (but not in NO-GC2 KO mice), and
this was mimicked in wild-type (WT) mice upon pharmacological inhibition of NO /
cGMP signaling (Neitz et al., 2011). Interestingly, they also found that glutamate
release was reduced by blockade of HCN channels in WT mice but not affected in
NO-GC1 KO mice, suggesting that HCN channels are involved in the execution of
cGMP effects (Neitz et al., 2011). In addition to this, it has been demonstrated that
HCN channels are expressed in MPP terminals of early postnatal rats (Bender et al.,
2007), and the activation of both NO signaling and HCN channels may modulate
transmitter release (Garthwaite, 2008;Tokay et al., 2009).

In accordance with these findings, in the present study, we showed that exogenously
application of blockers of either NO signaling pathways or HCN channels could
induce fEPSP reduction concomitant with an enhancement of PPR in MPP-dentate
gyrus synapses during of the early postnatal period, but not in adult rats, suggesting
that both NO and HCN channel pathways are likely mediated by the modulation of
presynaptic transmitter release in early postnatal animals. Finally, by
pharmacological blockade of both NO pathways and HCN channels simultaneously,
we found no additive reduction of transmitter release in these synapses, suggesting
that the HCN channel and NO share the same pathways in the modulation of
synaptic transmission. Based on our results together with findings from others, we
propose that retrograde NO signaling pathways may alter the efficiency of
glutamatergic synaptic transmission and LTD induction by modulating presynaptic
HCN channel function via cGMP.
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As a summary, according to results obtained in this study, | propose that, repetitive
low frequency stimulation of the medial perforant path-granule cell synapse results in
activation of NMDAs and a local increase in postsynaptic free Ca?". This Ca** then
binds to calmodulin (CaM), and the Ca?*~CaM complex has both direct and indirect
actions on NOS activity. Ca?**~CaM binds to NOS, resulting in an acute increase in
NO production, as well as stimulating the protein phosphatase calcineurin, which in
turn dephosphorylates NOS and increases its activity. The activation of Calcineurin
by Ca*~CaM is long-lasting, maintaining NOS activation and NO production long
after termination of the stimulus routine. NO activates NO-GCs to produce cGMP,
and cGMP can activate cGMP-dependent protein kinase, and then activate HCN
channels.
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Figure 27: Retrograde NO signaling pathways compromise presynaptic HCN channel
function in regulating MPP-LTD

LFS - enhancement of presynaptic glutamate release - depolarize DG granular cells >
activation of NMDAR > enhanced Ca** influx & Ca*' binding to CaM > enhanced NOS
syntheses and calcineurin activation - constant production of NO - acting as a retrograde
messenger NO traveling from the postsynaptic site to the presynaptic terminal - activation
of presynaptic NO-GC - generation of second messenger cGMP within presynaptic terminal
- presynaptic HCN channel activation - increase of glutamate release -> enhanced
synaptic transmission > less MPP-LTD. Denote letters: Glu, Glutamate; AMPAR, AMPA
receptor; NMDAR, NMDA receptor; NO, nitric oxide; NOS, nitric oxide synthase; NO-GC,
sensitive guanylate cyclases;
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