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Abstract

Giant depolarising potentials (GDPs) are spontaneous network events generated by

the depolarising action of GABA at early developmental stages (Ben-Ari et al.,

1989). We set out to characterise their modulation by glutamatergic receptors and

SK channels. GDPs measured from P5 CA1 pyramidal neurons were completely

abolished by a GABAA receptor antagonist. Glutamate has been shown to be im-

portant for GDP initiation (Gaiarsa et al., 1990), and the addition of NMDA and

AMPA increased the frequency of GDPs. The application of individual NMDAR

and AMPAR antagonists did not affect GDPs; only when these two receptors were

inhibited together was their frequency reduced. SK channel mRNA is present in the

neonatal hippocampus (Gymnopoulos et al., 2014), but their functional role is un-

known. An SK channel inhibitor depolarised the membrane potential and increased

the duration of GDPs in P3 CA1 pyramidal neurons, an effect that was not medi-

ated by NMDARs. SK channel enhancers had the opposite effect. Therefore SK

channels are functionally expressed in the P3 hippocampus and able to affect phys-

iologically relevant spontaneous network activity. mGluRs affect GDPs in CA3

neurons (Strata et al., 1995) and here we investigated the action of group 1 mGluRs



iii

(mGluR1 and mGluR5) on GDPs in the CA1 region. A group 1 mGluR agonist,

DHPG, increased GDP frequency in P5 CA1 pyramidal neurons. When mGluR5

was inhibited, DHPG has a smaller effect, thereby suggesting mGluR5 is func-

tionally expressed in the neonatal hippocampus and contributes to the regulation of

GDPs. When mGluR1 in the CA1 region was antagonised, GDPs declined until they

were abolished, demonstrating that this receptor is required to maintain a sustained

GDP activity. Further experiments using mPSC recordings and NMDAR/AMPAR

antagonists demonstrated that the modulatory effect on GDPs of mGluR1 was not

mediated by either a change in neurotransmitter release or ionotropic glutamate re-

ceptors.
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Chapter 1

Introduction

1.1 The Hippocampus

The adult hippocampus is a region of the brain thought to be specialised in episodic

and spatial memory (Bird and Burgess, 2008). It has a very regulated structure with

a specific order of its connections (figure 1.1).

Figure 1.1: The hippocampal network. Drawing of the hippocampal network with an-
notations highlighting the major regions, where EC = entorhinal cortex, DG = dentate
gyrus and sub = subiculum. Insert indicates the main circuitry and connections with
Mossy fibres (MF) from the DG projecting into the CA3 region which send inputs via
the Schaffer Collateral pathway (SC) to CA1 neurons. Adapted from Santiago Ramn y
Cajals drawing of the hippocampus (www.commons.wikimedia.org/wiki/File:
CajalHippocampus_(modified).png/)

www.commons.wikimedia.org/wiki/File:CajalHippocampus_(modified).png/
www.commons.wikimedia.org/wiki/File:CajalHippocampus_(modified).png/
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Glutamatergic pyramidal neurons provide the main excitatory drive in the hip-

pocampal network with the γ-aminobutyric acid-releasing (GABAergic) interneu-

rons acting in an inhibitory manner in the mature animal. However, in the devel-

oping hippocampus (figure 1.2) GABA is known to depolarise neurons when it is

released and is involved in the generation of giant depolarising potentials (GDPs,

Ben-Ari et al. (1989)). In this thesis I have explored the generation and modulation

of these spontaneous network events to gain understanding of the functional pres-

ence and neuromodulatory roles of small-conductance calcium-activated potassium

channels and metabotropic glutamate receptors. These findings will give insight

into the receptors and currents important to shaping the activity in the develop-

ing hippocampus and may have implications for the studies of pathologies such as

epilepsy.

Figure 1.2: Neonatal hippocampus Picture of a P5 hippocampal slice (left) and a larger
view of the CA1 region (right), scale bars indicate 200 µm.
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1.2 Spontaneous Activity in Developing Networks

Concurrent, spontaneous and rhythmic depolarisations are found in many brain

structures early in development. These depolarisations are thought to be important

for establishing functional neural networks in many regions of the developing brain,

mediated by the Hebbian rule “neurons that fire together wire together” (Cherubini

et al., 2011). This role has been proposed for a particular form of synchronised ac-

tivity, which was first characterised in the neonatal hippocampus and is propagated

by so-called giant depolarising potentials (GDPs, Ben-Ari et al. (1989)). GDPs

are large membrane depolarisations of around 20-50 mV, commonly overlaid with

sodium (Na+) spikes. They can have a duration of several hundred milliseconds and

a variable frequency of around 3-15 GDPs/min (Ben-Ari et al., 1989).

Figure 1.3: Spontaneous activity in CA1 Pyramidal Cells. Example voltage trace show-
ing GDPs and other spontaneous activity, scale bars are equal to 10 mV and 2 seconds

GDPs have been found in nearly all immature neural networks (Cherubini et al.,

2011) and appear to be conserved throughout evolution (Ben-Ari, 2002). GDPs

have been measured using various different techniques, including methods such as:

intracellular recordings; cell attached recordings; whole cell patch clamp; field po-
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tential recordings; calcium imaging; and gramicidin perforated patch (Ben-Ari et

al., 1989; Cherubini et al., 1991; Leinekugel et al., 1995; Khazipov et al., 1997;

Garaschuk et al., 1998; Lamsa et al., 2000; Mohajerani and Cherubini, 2005; Ben-

ari et al., 2007). GDPs are present from P0 to approximately P10 in the hippocam-

pus (Ben-Ari et al., 1989), with a decline after P7 (Cherubini et al., 1990).

It has been suggested by Sipilä et al. (2006a) that the slowly inactivating sodium

current, I-Nap, is important for GDP initiation, as blocking Na+ currents using

tetrodotoxin (TTX) and riluzole inhibited field recorded GDPs (fGDPs). The slow

Ca2+-activated K+ current (sIAHP, Sipilä et al. (2006a)) and the non-inactivating,

low-threshold, muscarinic-sensitive K+ current (M current, Safiulina et al. (2008))

are thought to be involved in the termination of GDPs in CA3 principal cells. When

various non-specific inhibitors of the sIAHP, including carbacol, nickel and 0-Ca2+

solution, were added to hippocampal slices, the duration of GDPs increased (Sipilä

et al., 2006a). Safiulina et al. (2008) also reported that an M channel blocker in-

creased the frequency of GDPs in P5 CA3 pyramidal neurons. Calcium currents

are also triggered by GDPs; large amounts of calcium influx via voltage-gated Ca2+

channels have been shown during GDPs (Leinekugel et al., 1997).

GDPs are generated synchronously throughout the hippocampal circuitry, but the

exact site and mechanism of generation is still under investigation. Strata et al.

(1997) have demonstrated that when the hilus region of the dentate gyrus was re-

moved from the hippocampus, no GDPs could be detected in the CA3 region. Con-

versely, other groups have shown that GDPs can be generated in isolated CA3 and
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CA1 sub-regions (with no connections to the dentate gyrus) without a change in

frequency (Khazipov et al., 1997; Menendez de la Prida et al., 1998; Bolea et al.,

1999). Menendez de la Prida et al. (1998) observed that GDPs propagate from the

CA3 region towards the CA1 region: this ties in with other results which together

suggest the CA3 region of the hippocampal formation has the strongest pacemaker

ability. This is demonstated by Bonifazi et al. (2009), who show that GABAergic

interneuron hub cells (rare neurons with a high connectivity) located in the CA3

region have projections to the CA1 region and the dentate gyrus. These hub in-

terneurons represent the first synapse-driven patterns of activity in the hippocampus

and modulate GDP frequency throughout the hippocampal network (Bonifazi et al.,

2009). This suggests that GABAergic hub neurons originating in the CA3 are es-

sential for synchronised spontaneous activity in the neonatal hippocampus and play

a central role in establishing initial neuronal networks. Using patch clamp and ex-

tracellular recordings from an intact hippocampal and septum complex, Leinekugel

et al. (1998) show that GDPs propagate from the septal pole towards the temporal

pole of the hippocampus.

It has been suggested that GDPs measured in vitro correspond to in vivo “sharp

waves” (SPW) in the neonatal hippocampus (Leinekugel et al., 2002). SPWs have

frequencies of 0.1-0.33 Hz and last 0.32-3 seconds (Leinekugel et al., 2002; Sipilä et

al., 2006b), which is similar to the frequency (0.05-0.25 Hz) and duration (0.08-1.5

s) of GDPs in the neonatal hippocampus (Ben-Ari et al., 1989). This is supported

by the findings that both GDPs and SPWs have GABAergic and glutamatergic com-
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ponents (Cherubini et al., 1990; Leinekugel et al., 2002) and that inhibition of the

Na+ K+ 2Cl- co-transporter 1 (NKCC1) blocks both SPWs and GDPs (Sipilä et

al., 2006b). While GDPs are only present transiently in the neonatal hippocampus,

SPWs are continually present from P2 onwards (Karlsson and Blumberg, 2003;

Nimmrich et al., 2005; Karlsson et al., 2006), but undergo a change in associated

oscillations around P6 to P11, mirroring the fall in GDPs (Mohns et al., 2007).

1.3 GABAA receptors in the neonatal hippocam-

pus

GDPs have been shown to be dependent on GABAA receptors, as they are com-

pletely blocked by the GABAA receptor antagonist bicuculline (Ben-Ari et al.,

1989). GABAA receptors are integral membrane proteins that conduct anions,

mainly chloride ions but also bicarbonate ions, and belong to the Cys-loop pen-

tameric ligand-gated ion-channel superfamily. GABAA receptor subunit mRNA

has been shown to be expressed in the neonatal hippocampus from P0 (Gambarana

et al., 1991; Laurie et al., 1992). As pentameric structures, GABAA receptors can be

made up from several different subunits (α1-6, β1-3, γ1-3, δ , ε , π , ρ1-3, θ ). The

functional properties of the receptors depend on their subunit composition, with

most containing two of the same α subunits, two of the same β subunits, and one

other subunit forming a heteropentamer (see Olsen and Sieghart (2008) for a re-

view).
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The expression of GABAA receptor subunits is developmentally regulated through

the brain. Fritschy et al. (1994) report that GABAA receptors are expressed widely

in the neonatal brain, the α1 subunit expression was low a birth and then spread

widely during the first weeks whereas the opposite is true of the α2 subunit. The

β2,3 GABAA receptor subunits were expressed throughout the brain at birth and as

the age increased (Fritschy et al., 1994). There is a large amount of the α5 subunit

and relatively low levels of the δ subunit in the neonatal hippocampus (Laurie et

al., 1992; Didelon et al., 2000), which is reversed as this region matures (Glykys et

al., 2008; Holter et al., 2010; Cellot and Cherubini, 2013).

GABAA receptors inhibit neurons in mature brain regions in two distinct manners:

phasic and tonic. Synaptic GABAA receptors are responsible for phasic inhibi-

tion of neurons, whereas tonic inhibition is mediated by extrasynaptic GABAA re-

ceptors. This tonic inhibition takes place when extrasynaptic GABAA receptors

bind GABA leaked from the synaptic cleft and hyperpolarise neurons (Farrant and

Nusser, 2005). In the neonatal hippocampus GABA has been shown to be depo-

larising in both a phasic and tonic manner (Sipilä et al., 2005; Marchionni et al.,

2007; Sipilä et al., 2007). GABAA receptors can also lower a neuron’s excitabil-

ity through shunting inhibition where depolarising inputs are reduced due to an

increase in postsynaptic conductance. This has been demonstrated to be present

throughout hippocampal development (Banke and McBain, 2006).
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1.4 The depolarising action of GABA

GDPs are somewhat unusual in that they are depolarisations mediated by GABA

acting on GABAA receptors (Ben-Ari et al., 1989). Depolarising GABA has been

found in numerous immature rodent brain regions, including the hippocampus and

neocortex, the hypothalamus, the cerebellum, the spinal cord, the ventral tegmental

area and the hypothalamus, as well as other species such as embryonic Xenopus

tadpoles and larvae, embryonic zebrafish, chick embryos, rodent retina and, turtle

embryonic retina (see Ben-Ari (2002) for a review). This phenomenon is due to

the fact that the intracellular chloride ion concentration ([Cl-]i) is much higher in

immature neurons, meaning the reversal potential for GABA-induced anionic cur-

rents (EGABA) is more depolarised than the resting membrane potential (Ben-Ari,

2002). Therefore, the activation of GABAA receptors causes an efflux of chloride

ions, thereby depolarising the cell (Cherubini et al., 1990).
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Figure 1.4: Depolarising GABA. Diagram depicting the co-transporters NKCC1 and
KCC2 as well as the gradients of chloride ions. (Left) NKCC1 expression predominates
in immature neurons, in which the intracellular concentration of chloride is relatively high,
therefore the activation of GABAA receptors generates an efflux of chloride and an excita-
tion of immature neurons. (Right) KCC2 expression predominates in mature neurons and
activation of GABAA receptors results in an influx of chloride and an inhibition of adult neu-
rons. ECl = chloride reversal potential, RMP = resting membrane potential (Vrest). (Adapted
from Ben-Ari (2002))

EGABA has been shown to be hyperpolarised when compared to the resting mem-

brane potential using numerous methods, including those designed to minimise al-

ternation of the intracellular concentration of ions, such as gramicidin perforated

(Khalilov et al., 1999; Stein et al., 2004; Tyzio et al., 2007) and cell-attached patch

clamp recordings (Tyzio et al., 2006; 2008). The intracellular chloride concentration

of cultured hippocampi has been demonstrated to be elevated in the first 2 weeks

of postnatal development using chloride indicator dyes, with the i[Cl-] measured

at 20-60 mM (Kuner and Augustine, 2000) compared with 7 mM in adult neurons

(Staley and Proctor, 1999). While the extracellular concentration of chloride in the

CA1 region of the adult hippocampus has be reported as 113 mM, measured us-

ing ion selective microelectrodes (Kroeger et al., 2010), there have been no similar

experiments conducted in the developing hippocampus.
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The higher intracellular chloride concentration in neonatal neurons is thought to be

due to a developmentally regulated change in ion transporters (figure 1.4): in im-

mature neurons the Na+ K+ 2Cl- co-transporter 1 (NKCC1) is the main transporter

compared with the K+ Cl- co-transporter 2 (KCC2) in adult neurons (Spitzer, 2010).

KCC2 is a neuron specific member of the K+ Cl- outwardly directed chloride ion

co-transporter gene family (KCC1-4, Payne et al. (1996)) and the only one active

at isotonic concentrations, extruding chloride ions in physiological conditions to

maintain a low intracellular chloride concentration in adult neurons (Mercado et al.,

2006; Acton et al., 2012). KCC2 is expressed only at low levels in the developing

brain, and more specifically in the neonatal hippocampus, with levels rising around

one week after birth (Clayton et al., 1998; Rivera et al., 1999; Mikawa et al., 2002;

Wang and Shimizu-Okabe, 2002).

The chloride cation importer NKCC1 is the only inwardly directed co-transporter in

the brain, and there are mixed reports of its expression in the neonatal brain. Plotkin

et al. (1997) is often cited as an example of a downregulation of NKCC1 RNA in the

first postnatal week, but others claim the levels of expression shown in this report

do not vary between P0 and P21 (Blaesse et al., 2009). Further evidence has been

shown of a decrease in the expression of NKCC1 RNA in neurons at around P7

(Yamada et al., 2004; Hübner et al., 2001). Controversially, there are other results

that demonstrate NKCC1 expression in developing rodent brains actually increases

during the first three postnatal weeks, from both RNA expression (Clayton et al.,

1998; Mikawa et al., 2002; Wang and Shimizu-Okabe, 2002) and protein levels
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(Yan et al., 2001).

There is, however, a large amount of evidence that NKCC1 is essential for the depo-

larising action of GABA (Yamada et al., 2004; Sipilä et al., 2006b; Achilles et al.,

2007; Brumback and Staley, 2008; Khirug et al., 2008). For example, in NKCC1

knock out mice, it has been demonstrated that the frequency and amplitude of GDPs

are substantially lower when compared to wild-type animals (Pfeffer et al., 2009).

From these reports it can be concluded that both the absence of KCC2 and the ac-

tion of the chloride ion importing NKCC1 co-transporter are important for the high

i[Cl-] and therefore for the depolarising effect of GABA in the neonatal hippocam-

pus (Ben-Ari et al., 2012). The neuronal Cl-/HCO3- exchanger (AE3) may also

play a role in the excitatory action of GABA: Pfeffer et al. (2009) report that in AE3

knock out mice, the GDP frequency and amplitude are lower.

It has been reported that the external chloride concentration increases in the CA3

region upon stimulation of the CA3 area in adult rats, therefore altering the EGABA

and suggesting a possible activity-dependent modulation of the hyperpolarising ef-

fect of GABA (Kroeger et al., 2010). Excitatory GABA has been shown within

brain regions undergoing epileptic activity (Cohen et al., 2002; Pallud et al., 2014;

Khalilov et al., 2003; 2005), possibly by a intracellular accumulation of chloride

(Nardou et al., 2009). Chiang et al. (2012) have also indicated that GABA can act

in an excitatory manner in the adult dentate gyrus and suggest a possible role in sig-

nal processing. Depolarising GABA may therefore not be a solely developmental

phenomenon.
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1.5 GDP controversy

Recently, the actual occurrence of GDPs under physiological conditions has been

called into question by a series of papers suggesting GDPs are an artefact caused by

the lack of appropriate nutrients in neonatal tissue slices (Rheims et al., 2009). It

has been suggested that glucose is not a suitable energy source and that the addition

of weak-acid energy substrates is required. It has been shown that adding either

pyruvate, lactate or 3-hyroxybutyrate (BHB) to the extracellular solution hyperpo-

larises EGABA to adult levels in the neocortex and hippocampus, thereby leading

to no GDPs (Rheims et al., 2009; Holmgren et al., 2010). However Ruusuvuori et

al. (2010) claim that this effect is mediated by these alternative energy substrates,

causing intracellular acidosis and disrupting normal neuronal function, as demon-

strated by the addition of lactate and a higher concentration of CO2, which lowers

the pH of pyramidal neurons and reduces the frequency of GDPs. Furthermore,

while weak-acids did indeed reduce the frequency of GDPs, so did a lack of glu-

cose. Additionally, the application of lactate had no effect on mitochondrial energy

metabolism, whereas the depletion of glucose caused a gradual and reversible depo-

larisation of the mitochondrial membrane potential (Ruusuvuori et al., 2010).

Mukhtarov et al. (2011) subsequently reported that intracellular acidification could

not explain the effect of the alternative energy substrates on GDPs, as a HCO3-free

solution caused a much larger decrease in intracellular pH and did not inhibit GDP

frequency. However Tyzio et al. (2011) suggested that either lactate or pyruvate-

induced acidosis (due to the high concentrations used by Rheims et al. (2009)) or
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contaminants in the BHB used by Holmgren et al. (2010) led to the loss of GDPs. It

was also reported that physiological concentrations of both pyruvate and BHB had

no effect on GDPs (Tyzio et al., 2011).

Subsequently it has been suggested that the trauma caused during the slicing proce-

dure and a lack of energy and oxygen supply to the interior of brain slices caused

a reduction in cell health, leading to an increase in intracellular chloride concen-

tration, thereby making depolarising GABA and GDPs an experimental artefact

(Dzhala et al., 2012; Bregestovski and Bernard, 2012). These results were coun-

tered by Ben-Ari et al. (2012), who suggested these observations were false and

caused, in part, by limitations in the chloride ion sensitive dye Clomeleon, used to

establish the intracellular Cl- concentration. Furthermore, there is a large amount of

evidence for a developmental switch in co-transporters, giving a robust explanation

for the change in EGABA (see earlier). The results from in vitro studies also corre-

late well with observations from less invasive methods, such as whole hippocampal

preparations (Khalilov et al., 1997). This also includes results showing excitatory

GABA in whole chick spinal cord (Gonzalez-Islas et al., 2010), isolated rod bipolar

cells of the mouse retina (Varela et al., 2005) and whole mouse retina (Barkis et

al., 2010). Based on these and previous results, Ben-Ari et al. (2012) concluded

that glucose provides a sufficient energy supply in vitro for investigations and neu-

rons in brain slices are healthy enough for the study of GABAergic signals in the

developing brain.

Recently Glykys et al. (2014a) used the chloride ion sensitive dye Clomeleon to
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argue that cation-chloride co-transporters (such as NKCC1 or KCC2) only play a

minor role in the control of the intracellular chloride ion concentration and that local

impermeant anions ([A]i) are responsible for establishing the homeostatic chlordie

concentration, by a Donnan effect. Therefore these [A]i control the direction of

GABAA receptors polarity in a potentially more diverse manner within brain re-

gions. Glykys et al. (2014a) also claim these anions are crucial for determining

the neuronal volume. In response to this report, Voipio et al. (2014) state that [A]i

controlling the transmembrane chloride concentration would defy thermodynamic

principles and therefore effectively create a perpetual motion machine. Glykys et

al. (2014a) state that inhibition of NKCC1 had little effect on intracellular chlo-

ride concentration but, as Luhmann et al. (2014) point out, fail to mention previous

contradictory evidence of the effect of NKCC1 inhibition on the chloride potential

(Achilles et al., 2007; Dzhala et al., 2012) and the depolarising effect of GABA

(Yamada et al., 2004; Dzhala et al., 2005; Brumback and Staley, 2008; Minlebaev

et al., 2013). Furthermore Luhmann et al. (2014) comment that the low sensitivity

of Clomeleon at low chloride ion concentrations did not accurately reflect intracel-

lular chloride ion concentrations, and may be an explanation for the lack of effect

seen after NKCC1 inhibition by Glykys et al. (2014a). In response to these criti-

cisms, Glykys et al. (2014b) claim that the Donnan potential does not defy the laws

of thermodynamics when controlling the chloride ion concentrations. They also

claim that Clomelon is indeed sensitive enough and that any lack of comparisons to

previous literature was due to differences in neuronal type and age. I believe that

most authors can agree more evidence is required before the role of cation-chloride
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co-transporters in controlling chloride ion concentration (and therefore depolarising

GABA) can be refuted.

1.6 Role of ionotropic glutamate receptors in GDP

generation

Glutamate is the main excitatory neurotransmitter in the adult brain and it has

been proposed to play a role in GDP initiation, involving both the N-Methyl-D-

aspartic acid (NMDA) receptor and the 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-

yl) propanoic acid (AMPA) receptor (Cherubini et al., 2011). NMDA receptors are

heterotetrameric ionotropic glutamate receptors permeable to cations, and are es-

pecially important for calcium influx into neurons. As well as being ligand-gated,

NMDA receptors also have a voltage-dependent magnesium ion block which is only

removed after neuronal depolarisation. The heterotetramer, formed by NMDA re-

ceptors, assemble as obligate heteromers that may be drawn from GluN1, GluN2A,

GluN2B, GluN2C, GluN2D, GluN3A and GluN3B subunits, which also have splice

variants. AMPA receptors are also ionotropic glutamate receptors permeable to

cations. Post-transcriptional modifications and phosphorylation of AMPA recep-

tors are important for regulating their activity. AMPA receptors are homomers or

heteromers, that may be assembled from GluA1, GluA2, GluA3 and GluA4 sub-

units (see Dingledine et al. (1999) for a review).

Both NMDA and AMPA receptors are expressed in interneurons and pyramidal
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cells in the neonatal hippocampus (Hennou et al., 2002; Gasparini et al., 2000). Ex-

trasynaptic NMDA and AMPA receptors have been shown to be formed by the same

pool of subunits; these receptors are also mobile and able to leave the postsynap-

tic densities and laterally move between the synaptic and extrasynaptic pools (see

(Rao and Finkbeiner, 2007) for a review). The extrasynaptic expression of NMDA

receptors appears to be developmentally regulated in the CA1 region, with a change

from dense clusters of NMDA receptors at P2 (extrasynaptically) to a more dis-

persed regular arrangement in the adult hippocampus (Petralia et al., 2010). Early

in development, the synaptic machinery is not fully developed, leading to a large

amount of ambient glutamate which can excite CA1 neurons (Lauri et al., 2006). In

developing rat hippocampal pyramidal cells, it has been shown that new dendritic

spines are generated by the release of glutamate from neighbouring presynaptic

boutons activating extrasynaptic NMDA receptors (Engert and Bonhoeffer, 1999;

Maletic-Savatic et al., 1999; Kwon and Sabatini, 2011).

In their original paper characterising GDPs, Ben-Ari et al. (1989) report that the

frequency of GDPs in CA3 pyramidal neurons was strongly reduced by NMDA

receptor antagonists. This result was extended by Cherubini et al. (1990) and Ga-

iarsa et al. (1990), who demonstrated that the frequency of GDPs in CA3 pyramidal

neurons decreased following the application of either NMDA or AMPA receptor

antagonists. Subsequent studies suggest that while NMDA receptor antagonists

moderately reduced GDP frequency in CA3 pyramidal neurons, AMPA receptor

antagonists almost completely abolished GDPs (Gaiarsa et al., 1991). Further re-
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ports of patch clamp recordings and calcium imaging from CA3 pyramidal neurons

demonstrated that antagonism of AMPA receptors had little effect on excitation and

that the main glutamatergic contribution to GDP initiation was provided by NMDA

receptors (McLean et al., 1995; Leinekugel et al., 1997; Ben-Ari et al., 1997).

Conversely Bolea et al. (1999) suggested that AMPA receptors are the major gluta-

matergic drive of GDP activity. They demonstrated that CNQX (an AMPA recep-

tor antagonist) and GYKI 53665 (an AMPA and kainate receptor antagonist) com-

pletely abolished GDP generation in CA3 pyramidal neurons, while the presence

of cyclothiazide (a selective inhibitor of AMPA receptor desensitisation) increased

the frequency of GDPs. They also reported that the application of AP5 (an NMDA

receptor antagonist) only caused a slight and transient reduction in GDP frequency.

Overall, these contradictory results suggest that both AMPA and NMDA recep-

tors might contribute to GDP activity, but the extent and relative weighting of their

contribution is uncertain. In particular, it has been suggested that GDPs require a

synchronous activation of both GABAA receptors and AMPA receptors, with the

resulting rise in membrane potential removing the magnesium block from NMDA

receptors and furthering the depolarisation (Leinekugel et al., 2002). The calcium

ion (Ca2+) influx through activated NMDA receptors and voltage-gated Ca2+ chan-

nels is thought to have important signalling implications for neuronal migration,

differentiation and synaptogenesis (Cherubini et al., 2011).
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1.7 Synaptic development in the neonatal hippocam-

pus

Analysis of P0 CA1 pyramidal neurons revealed three main types, defined by their

synaptic responsivity: silent neurons; neurons displaying only GABAA receptor-

mediated postsynaptic currents (PSCs); and neurons with both GABAA and glu-

tamate receptor-mediated PSCs. The majority of cells were silent (80%) and also

characterised by a small soma and an anlage of a apical dendrite; 10% had a small

apical dendrite and GABAA receptor-mediated PSCs; and a further 10% had a more

developed apical dendrite and both GABAA and glutamate receptor-mediated PSCs

(Tyzio et al., 1999).

Interneurons in the CA1 region have a similar innervation pattern as observed for

CA1 pyramidal neurons; however, at birth they appear to be more developed. At

P0 only 5% of the recorded interneurons were silent; 17% had GABAA receptor-

mediated PSCs; and 78% contained both GABAA and glutamate receptor-mediated

PSCs. These data indicate that GABAergic synapses seem to mature first and that

glutamate synapses are established in interneurons before pyramidal neurons from

the CA1 region. These findings support the theory of GABAergic activity predom-

inating in the neonatal hippocampus (Hennou et al., 2002; Gozlan and Ben-Ari,

2003).
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1.8 Physiological relevance of depolarising GABA

and GDPs

Neuritic outgrowth of cultured hippocampal neurons has been demonstrated to be

lower following the inhibition of GABAA receptors, suggesting that GABA may

play a role in normal outgrowth of hippocampal neurons (Barbin et al., 1993). Ma-

nent et al. (2005) report that activation of GABAA receptors, and to a lesser extent

NMDA receptors, helps to promote neuronal migration in the neonatal hippocam-

pus. Spontaneous network activity has also been shown to be important for the

cessation of migration of GABAergic interneurons (de Lima et al., 2008). Dur-

ing development, the excitatory action of GABA increases the expression of brain-

derived neurotrophic factor (BDNF) in cultured embryonic hippocampal neurons

(Berninger et al., 1995). This enhancement in BDNF levels caused by depolarising

GABA may aid cell differentiation (Marty et al., 1996).

These results suggest that depolarising GABA plays a key role in neuronal out-

growth and maturation (Sernagor et al., 2010). Inhibiting GABA transmission and

synthesis in retina has significant effects on dendritic arborisation and halts de-

velopment of hyperpolarising GABA (Chabrol et al., 2012). However, when the

GABA-synthesising enzymes (GAD65, GAD67, or both) were knocked out, the

morphological structure of mice brains looked broadly similar to that of wild type

animals (Asada et al., 1996; 1997; Ji et al., 1999). Furthermore, while NKCC1 de-

ficient mice have substantially reduced GDPs and possibly delayed maturation in



1.9. SK channels in the neonatal hippocampus 20

glutamatergic and GABAergic synapses, there was no significant difference in hip-

pocampal morphology or the dendritic arrangement of neurons when compared to

wild type mice (Pfeffer et al., 2009).

1.9 SK channels in the neonatal hippocampus

In hippocampal pyramidal neurons, the after-hyperpolarising potential (AHP) fol-

lowing action potentials is important for regulating neuronal activity and consists

of three distinct phases: fast AHP (fAHP); medium AHP (mAHP); and slow AHP

(sAHP) (Storm, 1990; Sah and Faber, 2002). There are 4 currents that contribute

to the generation of the mAHP: IM; IC; IAHP; and Ih (Storm, 1989; Williamson and

Alger, 1990; Stocker et al., 1999). The IAHP is an apamin (a bee venom toxin) sen-

sitive current that is triggered by calcium influx after action potentials. It is medi-

ated by the small-conductance calcium-activated potassium channels (SK channels)

(Romey et al., 1984; Blatz and Magleby, 1986). The sAHP is mediated by the sIAHP

current, which is apamin insensitive and generated by Ca2+-dependent K+ channels

of unknown identity (Sah and Faber, 2002; Villalobos et al., 2004). Both of these

currents are important for regulating neuronal activity, including terminating action

potential bursts (Stocker et al., 1999; Pedarzani et al., 2001).

Using molecular cloning, three members of the SK channel family have been iden-

tified: SK1; SK2; and SK3 (Köhler et al., 1996; Joiner et al., 1997; Chandy et al.,

1998). All three are voltage insensitive and blocked by apamin, but with different

affinities (Blatz and Magleby, 1986; Sah and McLachlan, 1991; Sah, 1996; Shah
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and Haylett, 2000). All three SK channels are expressed widely throughout the adult

central nervous system (Stocker and Pedarzani, 2000; Tacconi et al., 2001; Sailer et

al., 2004), and a recent report has demonstrated that SK1, SK2 and SK3 mRNAs

are all expressed in the hippocampus from birth, although SK3 can only be detected

in the CA1 region from P3 and dentate gyrus/CA3 region from P6 (Gymnopoulos

et al., 2014). There is also evidence that SK2 and SK3 proteins are present from

P0 in the mouse hippocampus, with expression increasing until it plateaus at P21

(Ballesteros-Merino et al., 2012; 2014). However, the SK mediated IAHP elicited

by somatic depolarisations could not be detected in CA1 pyramidal neurons earlier

than P6 (Cingolani et al., unpublished). The physiological function of expressed

SK channels early is=n development (P0-5) is unknown and also is they are even

functional. Therefore it was hypothesised that if SK are functional expressed they

may have a role in regulating GDPs, as investigated in this thesis.

1.10 Metabotropic glutamate receptors and the mod-

ulation of GDPs

In addition to the contribution of ionotropic glutamate receptors, Strata et al. (1995)

reported that the activation of metabotropic glutamate receptors (mGluRs) mod-

ulates GDPs. mGluRs are 7 transmembrane domain G-protein coupled receptors

and are separated into 3 main groups by pharmacological classification (Conn and

Pin, 1997). Metabotropic glutamate receptors have a lower affinity for glutamate

compared to ionotropic receptors (Schoepp et al., 1990). Group 1 mGluRs, con-
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sisting of mGluR1 and mGluR5, are linked to linked to the Gαq/11 heterotrimeric

G proteins and mobilise intracellular calcium when activated from stores within the

endoplasmic reticulum (see Hermans and Challiss (2001) plus Bellone et al. (2008)

for reviews).

Figure 1.5: Diagram showing the multiple signalling pathways involved with group
1 mGluR activation. Group I mGlu receptors activate mainly Gαq/11 heterotrimeric G
proteins, but also Gαs proteins, mGluR1 can couple to Gα i/o proteins, figure from Hermans
and Challiss (2001).

These metabotropic receptors are thought to be important for both long-term de-

pression (LTD) and potentiation (LTP) of synaptic strength (Anwyl, 1999). Both

mGluR1 and mGluR5 have been shown to be expressed in the neonatal hippocam-

pus (Shigemoto et al., 1992; Catania et al., 1994). López-Bendito et al. (2002) report

that while mGluR5 was expressed in both pyramidal neurons and non-pyramidal

neurons at P3, mGluR1 seemed to be only expressed in non-pyramidal neurons.
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mGluR1 and mGluR5 have been shown to be expressed in synaptic, perisynaptic

and extrasynaptic locations in the developing hippocampus (López-Bendito et al.,

2002). It has been suggested that mGluRs in the juvenile hippocampus can be ac-

tivated by tonically released glutamate (Rodrı́guez-Moreno et al., 1998). This is

supported by the finding that neurons in the CA1 region of the neonatal hippocam-

pus are excited by glutamate in the extracellular space (Lauri et al., 2006).

Strata et al. (1995) demonstrated that the group 1 and 2 mGluR antagonist MCPG

has been shown to decrease GDP frequency in CA3 neurons, and the broad-

spectrum mGluR agonist t-ACPD increased GDP frequency. This effect is thought

to involve modulation of the release of GABA from interneurons through the cyclic

adenosine monophosphate (cAMP) signalling pathway (Strata et al., 1995). Taketo

and Matsuda (2010) reported that calcium influx in hippocampal interneurons can

be triggered by activating group 1 mGluRs using the specific agonist DHPG. It is

interesting to note that an mGluR1 antagonist was able to block the calcium influx

brought about by DHPG, but an mGluR5 antagonist had only a minor effect in their

study (Taketo and Matsuda, 2010). Given these effects on calcium influx within

neonatal CA1 pyramidal neurons, we aim to investigate any effect group 1 mGluRs

have on spontaneous network events present in the neurons.

1.11 Aims

This study will aim to clarify the different channels, receptors and neurotransmitters

that are important for GDPs’ formation and modulation, and their mechanisms of
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action within the hippocampal circuitry. These include:

• Compare the spontaneous events measure here with those reported in the lit-

erature.

• Characterise physiological function of SK channels in the early neonatal hip-

pocampus.

• Identify the mechanism by which group 1 mGluR modify GDP activity.



Chapter 2

Materials and Methods

2.1 Preparation Solutions

Artificial cerebro-spinal fluid (ACSF) solutions were used throughout all experi-

mental procedures, from brain extraction to recording: see table 2.1 for the com-

position of these solutions. Slicing-ACSF (s-ACSF) had the same constituents as

the main ACSF except for a reduced concentration of CaCl2 and was used during

the slicing, preparation and incubation of the slices to try and lower Ca2+-triggered

excitotoxicity. The ACSF solutions were saturated with carbogen (95% O2, 5%

CO2 medical gas mixture, BOC gases) to provide oxygen and stabilise the pH at

7.4.

The constituents of both KCl- and CsCl-based intracellular solutions used can be

seen in table 2.2. These intracellular solutions were made using ultra pure water
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Compound ACSF (Conc. mM) s-ACSF (Conc. mM)

NaCl 125 125
KCl 1.25 1.25
CaCl2 2 1
MgCl2 1.3 1.3
KH2PO4 1.3 1.3
NaHCO3 25 25
Glucose 16 16

Table 2.1: Extracellular solutions.

(ROMIL), to better control the concentration of divalent ions, and were pH adjusted

to 7.2-7.3 using either KOH or CsOH. The intracellular solution was filtered through

a 0.22 m Millipore Millex GP syringe driven filter just before use and then kept on

ice to minimise nucleotide hydrolysis. The KCl-based internal solution was used

for recording GDPs, as the high chloride concentration increases the driving force

of Cl- ions and made GABAergic events easier to detect. The CsCl-based solution

was used for miniature postsynaptic current (mPSC) recordings, as the caesium ions

blocked many postsynaptic potassium channels, thereby increasing the membrane

resistance and improving the voltage clamp control to help make these small events

more apparent and measure them more accurately.

Compound KCl Intra (Conc. mM) CsCl Intra (Conc. mM)

KCl 140 -
CsCl - 135
NaCl 10 10
HEPES 10 10
MgCl2 1 1
ATP-Na 2 2
GTP-Na 0.4 0.4
EGTA - 5

Table 2.2: Intracellular solutions.
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Highly concentrated stock solutions for the toxin apamin were prepared in toxin

buffer containing: HEPES (20 mM), NaCl (100 mM) and pH adjusted to 7.4 us-

ing NaOH. All drugs and toxins were added to the ACSF and applied extracellu-

larly.

2.2 Transverse Slicing of Neonatal Hippocampus

For the preparation of brain slices P3 or P5 male Sprague Dawley rats were used,

with the day of birth being counted as P1. P3 aged preparations were chosen to

investigate the whether the SK channels expressed at this age are functional and

can modify physiologically relevant GDPs, and P5 aged animals were used to allow

comparisons with results obtained previously in our laboratory and the literature.

All procedures followed the guidelines outlined by the Home Office in the Animals

for Scientific Procedures (Act 1987). The rats were first decapitated using a pair of

surgical scissors, and then the head was cooled by placing it on an aluminium-foil

covered ice platform. Once on the ice-cold foil, the skin on the skull was cut open

in a rostral to caudal direction using a scalpel blade, the skull was then cut open in

the opposite direction using a small pair of scissors. The two halves of the skull

were parted using forceps and the brain removed, using a specially thinned plastic

spoon, and carefully placed in 80 ml of ice-cold s-ACSF solution.

The brain was allowed to cool down in the solution for 3-4 minutes, during which

time a 150 mm diameter circle of filter paper was soaked with 40 ml of ice-cold

s-ACSF solution (containing chunks of ice). After the brain had cooled, it was
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carefully placed onto the wet filter paper and then cut in two halve along the inter-

hemispheric fissure down the sagittal axis using a scalpel blade, separating the hemi-

spheres. One hemisphere was then placed back in the s-ACSF, and in the other the

neocortical tissue was pulled away using a specially modified spatula and a thin

pair of forceps to expose the hippocampus. The modified spatula was then used to

carefully isolate the hippocampus from the hemisphere. This procedure was then

repeated for the other half of the brain.

Figure 2.1: Tissue chopper and slice chamber for hippocampal preparation. McIlwain
tissue chopper with Gillette blade (left) and the incubating chamber insert (right) which is
placed within a 400 ml jar containing s-ACSF bubbled with carbogen. The hippocampal
slices rested on the net and were completely surrounded by the solution.

The hippocampi were then transferred with great care onto a piece of acetate in the

McIlwain tissue chopper (figure 2.1); the acetate was cut to size and layered with

two filter paper circles and two plastic discs and loaded into the chopper prior to the

dissection. The hippocampi were positioned using a soft fine brush at a transverse

angle to the blade, excess solution was removed using tissue paper, and they were

then cut into 400 µm slices. The sliced hippocampi were then transferred to a small

Petri dish containing s-ACSF bubbled with carbogen, where the slices were sepa-

rated using fine brushes. For the experiments using the hippocampal mini-slices,
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the CA1 region was separated from the CA3 and dentate gyrus regions at this point,

using a scalpel blade (figure 2.2). The slices were then moved to an incubation

chamber (figure 2.1), using a transfer pipette, made by cutting and heat polishing a

pasteur pipette. The incubation chamber was filled with carbogen bubbled s-ACSF

and kept at 29◦C. Slices were left in the incubation chamber for at least one hour

after the dissection to allow sufficient time for recovery.

Figure 2.2: Mini-slice preparation. Diagram showing (red dashed line) where a cut was
made to separate the CA1 and CA3, DG = Dentate Gyrus.

2.3 Electrophysiology - Whole Cell Patch Clamp

Blind whole cell patch clamping (Blanton et al., 1989; Castañeda-Castellanos et

al., 2006) was used to obtain all of the electrophysiological data contained in this

thesis. All procedures and experiments were conducted with an EPC10 amplifier

controlled and monitored by Heka Pulse software. The brain slices were carefully

placed in a square recording chamber, located on the stage of a Zeiss Axioskop2 FS

Plus upright microscope, and held down with a net constructed from nylon chords
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glued to a platinum wire. Carbogen bubbled ACSF was perfused through the cham-

ber at a rate of approximately 3 ml/min, fast enough to provide sufficient oxygen

and glucose to the slice and maintain the hippocampal circuit activity (Hájos et

al., 2009). Ben-Ari et al (1987) reported that GDPs are sensitive to temperature,

therefore the solution was maintained at 30-32 ◦C during recordings.

Patch micropipettes were pulled on a 2-step vertical puller (Narishige, PC-10) and

made from borosilicate glass (Hilgenberg; length: 80 mm, outside diameter: 1.5

mm, wall thickness 0.3 mm). With the chloride based internal solution, the mi-

cropipettes had a resistance of 3-5 MΩ, as calculated with a test voltage pulse (-10

mV, 10 ms) and Ohm’s law. Just before the micropipette was lowered into the so-

lution using the micromanipulator, a small positive pressure was applied to prevent

the tip from becoming blocked or dirty with impurities present in the perfusing so-

lution or tissue debris. The micropipette tip was moved to just above the CA1 layer

by using a low magnification lens. The micropipette was then moved down in small

steps through the cell layer and the same test pulse was used to determine if the tip

was near a cell. When near a cell, the current of the test pulse reduced slightly as the

tip became partially blocked by the plasma membrane. When this signal was seen,

the positive pressure was removed and a small amount of suction applied to help

form a giga-Ohm seal, during which the pipette potential was reduced from 0 mV

to -60 mV. After the formation of a seal of at least one GΩ, the fast capacitance was

corrected for and then the cell membrane patch was ruptured using a combination

of careful suction and a zap pulse (0.4 V, 5 ms).
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The liquid junction potential (LJP) for chloride based intracellular solutions, calcu-

lated using Patchers Power Tools (PPT), was 3.5 mV. The actual membrane poten-

tial (Vm) can be calculated using the equation bellow:

V m =V −LJP

In whole cell recordings the LJP is subtracted from the detected membrane potential

(V, Neher (1992)). Voltage values reported in the thesis were corrected for the

liquid junction potential. The resting membrane potential and series resistance were

measured right after breaking into the whole-cell configuration to ensure that the

cell was healthy and sufficient electrical access was achieved. An initial resting

membrane potential of below -50 mV was taken as an indicator of good cell health,

any cell with a membrane potential above this, or an initial series resistance larger

than 30 MΩ, was discarded.

2.3.1 Series resistance protocol

The series resistance protocol was used in the voltage clamp configuration to de-

termine series and input resistance. The cell was held at a voltage of 50 mV and

hyperpolarised to 55 mV for 100 ms and Ohm’s law used to calculate the resis-

tances. The resulting currents were recorded at a sampling rate of 20 kHz with a

filtering frequency of 4 kHz (5 times oversampling). Three traces were acquired

during the protocol, 3 s apart, and averaged.
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2.3.2 GDP protocol

GDPs were recorded in the current clamp configuration: 10 s long traces were ac-

quired with 500 ms intervals and filtered at 0.4 kHz with a sampling rate of 1.63

kHz. Sometimes a small amount of negative DC current was injected to maintain

the cell at a membrane potential of approximately 55 mV to 60 mV during the GDP

protocol.

2.3.3 mPSC protocol

The miniature postsynaptic current (mPSC) protocol was used in voltage clamp

conditions with cells held at -60 mV for both GABAA and AMPA mPSCs. Record-

ings were continuous, with a filtering rate of 2 kHz and a sampling rate of 10 kHz.

For GABAA mPSCs the extracellular ACSF solution contained: tetrodotoxin (TTX,

0.5 µM, a voltage gated sodium channel inhibitor) and 2,3-dihydroxy-6-nitro-7-

sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX, 5 µM, an AMPA channel antag-

onist). For AMPA mPSCs the solution contained: TTX (0.5 µM) and gabazine (or

SR-95531, Gbz, 6 µM, a GABAA receptor antagonist).

2.4 Data Analysis

The recorded data was transferred from the Pulse software into the analysis pro-

gramme Igor using Patcher’s Power Tools (PPT) and then analysed using the Igor

routine Neuromatic (generously provided by Dr Jason Rothman, UCL).
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2.4.1 Series resistance, input resistance and membrane capaci-

tance

To calculate the series resistance, the peak of the initial transient current (Iseries,

figure 2.3) recorded in response to a “series resistance protocol” (see above) was

measured and the resistance calculated using Ohm’s law. For the input resistance,

the steady state current at the end of the 100 ms-long pulse was used (Iinput, figure

2.3). If the cell’s series resistance changed by over 30% during the experiment, the

cell was excluded from the analysis.

Figure 2.3: Series resistance protocol. A) The command voltage during the series resis-
tance protocol. B) An average of 3 recordings from a representative cell during the voltage
step, dashed lines indicate where series and input resistance are measured, scale bars equal
100 pA and 50 ms.

Membrane capacitance (Cmembrane) was calculated using the equation shown below,

where Rseries is the series resistance:

Cmembrane =
τ

Rseries
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Tau, or τ , was determined as the second exponential from a double exponential fit

of the current transient during the series resistance protocol.

2.4.2 Giant depolarising potentials

GDPs were defined as depolarising events with an amplitude of at least 20 mV and a

width (duration) greater than 20 ms. GDPs were identified using the event detection

procedure within Neuromatic (figure 2.4), based on the equations from Kudoh and

Taguchi (2002). A 50 ms-long baseline window is averaged and moved along the

trace, 100 ms beyond the midpoint of the baseline window is then searched for

any point that is greater than the threshold, which is then marked as an event. The

threshold is set as 80% of the maximal amplitude measured during each recording.

These marked events are then collected together and the baseline set as the average

of between 50 and 10 ms before each event. The duration of each event is then

measured from the start of the event to the point at which the amplitude returns to 2

mV above baseline.

Figure 2.4: GDP detection procedure. Representative trace showing 2 GDPs, dashed
lines showing the detection method, scale bars are equal to 10 mV and 500 ms.
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2.4.3 Spontaneous events

For the spontaneous event detection protocol the the detection threshold was re-

duced to 3 times the standard deviation from the noise compared to the GDP events,

with the 50 ms-long baseline 100 ms in-front of the event. An additional criteria

that the peak had to be above the standard deviation within 200 ms of the point at

which the threshold was crossed, averaging a 10 ms window. The duration of each

event is then measured from the start of the event to the point at which the amplitude

returns to 2 mV above baseline.

2.4.4 Miniature postsynaptic currents

The continuous recordings were scanned for mPSCs using the event procedure

within Neuromatic with the threshold set at 3 times the standard deviation of the

noise, with a minimum of 7 pA and a maximum of 15 pA. The base line window

was set at 10 or 5 ms with the midpoint of the window either 20 or 10 ms in front

of the threshold for GABAA and AMPA mPSCs respectively. A further criteria of

peak search was used to distinguish genuine events from background noise: the

event was only accepted if there was a point below 1 standard deviation of an aver-

age baseline within 3 or 15 ms (AMPA and GABAA mPSCs respectively) after the

threshold time-point. This ensured that there was a significant current drop shortly

after the threshold was crossed. For GABAA mPSCs the onset search was also ap-

plied to test whether there was a point larger than 1 ms average window, around the

threshold, plus 1 standard deviation within 2 ms before the threshold.
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Figure 2.5: Properties of mPSCs. GABAA (left) and AMPA (right) mPSCs with dashed
lines indicating the brackets within the amplitude (black) and charge transfer (red) were
measured, scale bars are equal to 5 pA and 500 ms.

The frequency of mPSCs, the inter event interval, their peak amplitude, the rise

time, the decay time, the coefficient of variation (CV) of mPSC amplitude and

charge transfer of mPSCs were calculated for each cell. The peak amplitude was de-

fined as the lowest value measured between 10 ms prior and 5 ms after the threshold

was crossed, the charge transfer was measured as the area under the curve between 2

or 1 ms before the threshold point to 100 or 10 ms after (GABAA and AMPA mPSCs

respectively), as seen in figure 2.5. Rise time was measured as time between 10%

and 90% of the event peak and decay time was defined as the time decay constant, τ ,

of a single exponential function fitted to each event. The CV was calculated as the

standard deviation (SD) of mPSC peak amplitude divided by the mean mPSC peak

amplitude (Avg). CV gives an indication of the variability, a large CV is indicative

of a large variation among events. These values were averaged and used to compare

mPSCs frequency and their properties before and after drug application.
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2.5 Statistics

Statistical analysis was performed with Graphpad Prism, with the data first being

tested for Gaussian distribution using the Kolmogorov-Smirnov test. If the data

had a Gaussian distribution, it was analysed using parametric methods, such as a

2-tailed paired t-test, for 2 groups, or a repeated measurements analysis of variance

(ANOVA), for 3 or more groups. The ANOVA post-hoc analysis, Bonferroni Mul-

tiple Comparisons Test, was used to look for significance between specific pairs

within the ANOVA. If the data did not have a Gaussian distribution, a nonparamet-

ric method, such as a 2-tailed Wilcoxon matched paired test, was used to check for

significance. The correlation between two groups of data plotted on a scatter graph

was tested for significance using Pearson’s rank test.

2.6 Drugs and Toxins

Please find below a summary table of the drugs and toxins used throughout this

thesis:
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Chapter 3

Results

3.1 Giant depolarising potentials in CA1

3.1.1 The passive properties of CA1 pyramidal neurons

During the early postnatal period hippocampal neurons undergo a phase of cell

growth, including generation and branching of dendrites and dendritic spines (Tyzio

et al., 1999). Also, the expression of several ion channels is tightly developmentally

regulated. This might lead to changes in the passive properties of the neurons, such

as the input (or membrane) resistance, the membrane capacitance, reflecting the

membrane surface area, and the membrane potential. We therefore tested whether

these passive properties differed in P3 and P5 hippocampal CA1 pyramidal neu-

rons, using whole cell recordings with a KCl-based internal solution in brain slices

obtained from P3 and P5 Sprague Dawley rats at a temperature of 30-32 ◦C.
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The input resistance was 949.6 ± 67 MΩ in P3 and 1096 ± 53 MΩ in P5 CA1

pyramidal neurons (figure 3.1 A), this difference was not significant. These values

are similar to what has been demonstrated before, and while there was no significant

change in input resistance between the restrictive range of P3 and P5 others have

reported variations over larger age ranges, from roughly 800 ± 120 MΩ at P3 to

below 200 MΩ by P15 (Spigelman et al., 1992). The membrane capacitance was

calculated as 126.5 ± 15.8 pF for P3 neurons and 88 ± 15 pF for P5 neurons (figure

3.1 B), there was no significant difference between these age groups. The membrane

capacitance at P3 and P5 are both higher than the values previously reported for P2-

6 rats (Marchionni et al., 2007). Also the membrane potential of CA1 pyramidal

neurons, measured between spontaneous events and immediately upon achieving

the whole-cell configuration, was not different at the two ages sampled with -54.8 ±

1.2 mV at P3 and -54.9 ± 1.3 mV at P5 (figure 3.1 C). These values were marginally

higher than previously measured from P0-8 CA3 pyramidal neurons of -58 ± 7 mV

(Ben-Ari et al., 1989). It can be concluded from these data that there is no significant

change in the passive membrane properties of CA1 pyramidal neurons between the

ages of P3 and P5.
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Figure 3.1: Input resistance, membrane capacitance and membrane potential of CA1
pyramidal neurons. A) Scatter plot showing input resistance (MΩ) of P3 and P5 CA1
pyramidal neurons, n = 18, t test, P = 0.093 B) Scatter plot showing membrane capacitance
(pF) of P3 and P5 CA1 pyramidal neurons, n = 18, t test, p = 0.089. C) Scatter plot showing
membrane potential (mV) of P3 and P5 CA1 pyramidal neurons, n = 18.

3.1.2 Characterisation of GDPs recorded in CA1 pyramidal

neurons

GDPs are long lasting depolarisations which are generated synchronously in a neu-

ronal network and present in many developing brain regions (Ben-Ari et al., 1989;

Cherubini et al., 2011). Spontaneous network activity present in hippocampal pyra-

midal neurons was recorded and the frequency, duration and appearance of depo-

larising events was compared with previously reported GDPs. The depolarisations

(figure 3.2 A) were recorded in CA1 pyramidal neurons using whole cell current

clamp conditions.

The events recorded had at least one, and sometimes many, superimposed action

potentials figure (3.2 A and B), as in the GDPs first defined by Ben-Ari et al. (1989).

The mean frequency of the spontaneous events was 17.09 ± 1.9, 8.15 ± 1.3, 9.6 ±
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1.2, 0.98 ± 0.18 events/min for total events, events under 20 mV, events over 20

mV and burst events respectively (n = 20, figure 3.2 C), this corresponded well

with frequencies reported of between 0.3 - 12 GDPs/min. The mean duration of

the spontaneous events was 132.8 ± 5.6, 140.6 ± 8.7, 598.6 ± 36.7 ms for events

under 20 mV, events over 20 mv and burst events respectively (n = 20, figure 3.3 D).

The burst event duration matched the 300 - 700 ms duration stated previously in the

literature (Ben-Ari et al., 1989; Khazipov et al., 1997; Strata et al., 1997; Garaschuk

et al., 1998; Bolea et al., 1999). The mean event frequencies and durations both had

a normal, Gaussian distribution.
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Figure 3.2: Long term recordings of GDP events from P5 CA1 pyramidal neurons
showing the mean frequencies. A) Non-consecutive 10 second-long example traces taken
from throughout the 40 minutes of recording, scale bars are equal to 10 mV and 2 seconds.
B) Example trace of GDPs on an expanded time scale, scale bars are equal to 10 mV and
500 ms, upside down triangle indicates a GDP and a triangle indicates events detected by the
spontaneous event protocol. C) Scatter plot showing mean frequency (GDPs/min) during
5 minute-long recordings, n = 20. D) Bar chart showing the time course of mean event
frequency (events/min) during the 40 minute-long recording, n = 5. E) Bar chart showing
the time course of mean event frequency with an amplitude of under 20 mV (events/min)
during the 40 minute-long recording, n = 5. F) Bar chart showing the time course of mean
event frequency with an amplitude of over 20 mV (events/min) during the 40 minute-long
recording, n = 5. G) Bar chart showing the time course of mean event frequency with a
duration of over 350 ms (bursts, events/min) during the 40 minute-long recording, n = 5.
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Figure 3.3: Long term recordings of GDP events from P5 CA1 pyramidal neurons
showing the mean durations. A) Histogram showing the mean number of GDPs of a
certain duration (see legend in figure) during each 5 minute section of the 40 minute-long
recording, n = 5. B) Histogram showing the number of GDPs of a certain duration (see
legend in A) during each 5 minute section of the 40 minute-long recording, n = 5. C)
Scatter plot showing mean duration (ms) during 5 minute-long recordings, n = 20. D) Bar
chart showing the time course of mean event duration (ms) with an amplitude of under 20
mV during the 40 minute-long recording, n = 5. E) Bar chart showing the time course
of mean event duration (ms) with an amplitude of over 20 mV during the 40 minute-long
recording, n = 5. F) Bar chart showing the time course of mean event duration (ms) with a
duration of over 350 ms (bursts) during the 40 minute-long recording, n = 5.



3.1. Giant depolarising potentials in CA1 45

While the frequency of GDPs was quite variable between different cells, it was

stable over 40 minutes (figure 3.2 E), allowing long recordings with the frequency

during drug applications to be compared accurately. Within the first 5 minutes of

recording the mean duration of GDPs increased by around double (figure 3.2 F),

this is reflected in the histogram of GDP durations (figure 3.3 A and B) where the

shortest events, (0 - 100 ms), are the most common in the first 5 minutes. The

duration of events with an amplitude of over 20 mV stabilised after roughly the first

7 minutes of recording, while the other events duration seemed stable. This may be

due to the diffusion of the intracellular solution into the soma.

The frequency and duration of GDPs from P3 and P5 CA1 hippocampal neurons

were plotted against either input resistance, membrane capacitance or membrane

potential to determine whether the passive properties of the recorded cells had any

effect on the main features of the spontaneous events (figure 3.4). There was no

correlation found in any of these comparisons (Pearson’s rank test), leading us to

conclude that the passive membrane properties of CA1 pyramidal neurons do not

affect GDP frequency or duration.
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Figure 3.4: Passive membrane properties of CA1 pyramidal neurons do not effect the
frequency or duration of GDPs. A) Scatter graph with input resistance (MΩ) plotted
against either mean GDP frequency (A, GDPs/min) or duration (B, ms) in P3 and P5 CA1
pyramidal neurons, n = 17, key applies to all graphs. Scatter graphs with membrane capac-
itance (pF) plotted against mean GDP frequency (C, GDPs/min) or duration (D, ms) in P3
and P5 CA1 pyramidal neurons, n = 17. Scatter graph with potential (mV) plotted against
mean GDP frequency (E, GDPs/min) or duration (F, ms) in P3 and P5 CA1 pyramidal
neurons, n = 17.

We next asked whether changes in the membrane potential of CA1 neurons might

affect the GDP frequency or duration. The membrane potential of P3 CA1 pyrami-

dal neurons was adjusted by direct current (DC) injection to either -50, -60 or -70

mV to determine if there was any change in the characteristics of GDPs. There was

no significant change in either GDP frequency or duration at any of the different

voltages (figure 3.5). The properties of GDPs do not seem to be dependent upon the

membrane potential of the cells from which they are recorded, this is in agreement

with previous reports (Ben-Ari et al., 1989).
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Figure 3.5: The frequency or duration of GDPs is not dependent on the membrane
voltage. A Non-consecutive 10 second-long example traces recorded at a membrane poten-
tial of either -50 mV (A), -60 mV (B) or -70 mV (C), scale bars are equal to 10 mV and
2 seconds and apply to all traces. D) Aligned scatter plot with bars indicating mean GDP
frequency (GDPs/min) recorded during a VHold of -50 mV, -60 mV or -70 mV, n = 8, p =
0.16 (repeated measurement ANOVA, Bonferroni’s post test). E) Aligned scatter plot with
bars indicating mean GDP duration (ms) recorded during a VHold of -50 mV, -60 mV or -70
mV, n = 8, p = 0.35 (repeated measurement ANOVA, Bonferroni’s post test).

3.1.3 GDPs are a form of spontaneous activity that depends on

the activation of GABAA receptors

Spontaneous early network activity in the form of GDPs has been shown to de-

pend on the activation of GABAA receptors in several brain regions (Ben-Ari et al.,

1989). In order to test whether the spontaneous activity recorded under our con-

ditions were GDPs mediated by the activation of GABAA receptors, the GABAA
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receptor antagonist SR-95531 (gabazine, Gbz; 6 µM, Uchida et al. (1996)) was

perfused over hippocampal slices. Application of gabazine did not cause a signifi-

cant change in the input resistance of CA1 pyramidal neurons (figure 3.6 E), from

1198.2 ± 227.3 to 961.8 ± 142.3 MΩ. The membrane potential was similarly un-

affected by the application of Gbz (-55.1 ± 0.7 mV before and -54.8 ± 1 mV after

Gbz). In the presence of Gbz, the GDPs in CA1 pyramidal cells were almost com-

pletely abolished (figure 3.6 A, B, C and D). Gbz reduced the GDP frequency by

99.3% compared to ACSF (from 10.9 ± 2.8 GDPs/min to 0.08 ± 0.05, n = 5). It can

therefore be concluded that the spontaneous activity seen in these cells was GABAA

mediated, confirming previous findings.

Figure 3.6: GABAA receptor-dependent GDPs in P5 CA1 pyramidal neurons. A) 10
second-long example traces taken under control conditions. B) 10 second-long example
traces taken during the 10 minute-long Gabazine (Gbz, 6 µM) application, scale bars are
equal to 10 mV and 2 seconds and apply to all traces. C) Bar chart showing the time course
of mean GDP frequency (GDPs/min), n = 5. D) Aligned scatter plot with bars indicating
mean frequency (GDPs/min) during the final 5 minutes of the control and drug application
periods, n = 5, p = 0.019 (paired t test). E) Aligned scatter plot with bars indicating mean
input resistance before and after the addition of Gbz, n = 5, p = 0.34 (paired t test).
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3.1.4 NMDA receptor does not significant change the frequency

of events recorded from P5 CA1 pyramidal neurons

The ionotropic glutamate receptors NMDA and AMPA have been reported to be

both involved in defining GDPs properties (Cherubini et al., 1990). To investigate

the impact of NMDA receptor activation on spontaneous network activity under our

recording conditions, NMDA and AMPA were bath-applied individually and their

effects on GDPs in CA1 pyramidal cells were compared. NMDA did not cause a

significant increase in event frequency even though there was an increase of 197%

(figure 3.8) in events with an amplitude over 20 mV compared to ACSF control (6.7

± 1.7 GDPs/min to 19.9 ± 7.7 events/min, n = 5). The frequency reduced to near

control levels after a 5 minute-long wash out period (9 ± 4.5 events/min, n = 3,

figure 3.7 and 3.8). There was no significant change in the average event duration

of during NMDA application (figure 3.8 E, F and G). The mean input resistance

was 943.8 ± 84.9 MΩ during the control and increased to 1118 ± 277 MΩ after

NMDA application, but this increase was not significant (p = 0.66, paired t test, n

= 5). There was however a significant change in the membrane potential, which

depolarised from -54.8 ± 1 to -46.9 ± 1.1 mV (p = 0.013, paired t test, n = 5) upon

NMDA application. There was a change in the event frequency from a couple of

neurons when NMDA was applied (figure 3.8), however NMDA receptors do not

have a significant impact on event frequency and membrane potential of P5 CA1

pyramidal cells.
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Figure 3.7: The effect of NMDA on the frequency of events recorded from P5 CA1
pyramidal neurons. 10 second-long example traces recorded during either control condi-
tions (A), the NMDA (1 µM) application (B) or the co-application of NMDA with Gbz (6
µM) (C), scale bars are equal to 10 mV and 2 seconds and apply to all traces. D) Bar chart
showing the time course of mean total event frequency (events/min) during a 10 minute-long
NMDA application, n = 5. E) Bar chart showing the time course of mean event frequency
(events/min) with an amplitude of under 20 mV during a 10 minute-long NMDA applica-
tion, n = 5. F) Bar chart showing the time course of mean event frequency (events/min)
with an amplitude of over 20 mV during a 10 minute-long NMDA application, n = 5. G)
Bar chart showing the time course of mean burst event frequency (events/min) during a 10
minute-long NMDA application, n = 5.
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In order to test whether the increased number of spontaneous events observed in

some cells upon the application of NMDA were GABAA mediated GDPs, Gbz was

co-applied with NMDA. After 5 minutes of recording in the presence of NMDA,

where the frequency of events had clearly started to increase, the addition of Gbz

almost completely abolished the events (figure 3.8 H). The frequency dropped from

21 ± 10.8 events/min with NMDA (mean of the last 2 minutes of the drug appli-

cation, n = 5) to 0.4 ± 0.4 events/min with NMDA and Gbz (average of the last 5

minutes of the NMDA plus Gbz co-application, n = 5). From these data it can be

concluded that the events observed at an increased frequency during NMDA appli-

cation were GABAA mediated GDPs.
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Figure 3.8: NMDA has no significant effect on the frequency or duration of events
recorded from P5 CA1 pyramidal neurons. A) Aligned scatter plot with bars indicating
mean total event frequency (events/min) during the final 5 min of the 10 minute-long con-
trol, the final 5 min of the 10 minute-long NMDA (1 µM) application and the final 5 min
of the 10 minute-long wash-out period, n = 5, wash-out n = 3, p = 0.067 (paired t test). B)
Aligned scatter plot with bars indicating mean frequency (events/min) with an amplitude of
under 20 mV during the final 5 min of the 10 minute-long control, the final 5 min of the 10
minute-long NMDA (1 µM) application and the final 5 min of the 10 minute-long wash-out
period, n = 5, wash-out n = 3, p = 0.97 (paired t test). C) Aligned scatter plot with bars
indicating mean frequency (events/min) with an amplitude of over 20 mV during the final
5 min of the 10 minute-long control, the final 5 min of the 10 minute-long NMDA (1 µM)
application and the final 5 min of the 10 minute-long wash-out period, n = 5, wash-out n
= 3, p = 0.1 (paired t test). D) Aligned scatter plot with bars indicating mean burst event
frequency (events/min) during the final 5 min of the 10 minute-long control, the final 5 min
of the 10 minute-long NMDA (1 µM) application and the final 5 min of the 10 minute-long
wash-out period, n = 5, wash-out n = 3, p = 0.14 (paired t test). Bar chart showing the
time course of mean event duration (ms) during a 10 minute-long NMDA application, E)
with an amplitude under 20 mV, F) amplitude over 20 mV, G) burst events, n = 5. G) Chart
showing the time course of mean total event frequency (GDPs/min) during a 15 minute-long
application of NMDA with the addition in the last 10 minutes of Gbz, n = 5.
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3.1.5 AMPA receptor activation increases the frequency of

spontaneous events recorded from P5 CA1 pyramidal neu-

rons

AMPA had a very similar effect to NMDA on event frequency (figure 3.9), caus-

ing an increase by 333% in total event frequency, from ± 18.2 up to 79 ± 22.5

events/min (n = 6, figure 3.10). It was difficult to reverse the effect of AMPA by

washing out, as after a 5 minute-long AMPA application 5 out of 6 cells were lost

(giga-seal breakdown) most likely due to un-physiological depolarisation. The in-

crease in event frequency reached its peak value between 1-4 min during AMPA

application, whereas for NMDA it took 6-8 min. There was no significant change

in the average duration of GDPs during AMPA application (figure 3.10 F). The in-

put resistance was measured as 1139 ± 129.5 MΩ before and 1048 ± 260 MΩ after

AMPA application (p = 0.59, paired t test, n = 6). There was a significant increase

in the membrane potential after the application of AMPA, from -54 ± 1.1 to -48.2

± 1.2 mV (p = 0.012, paired t test, n = 6). From these data it can be concluded that

AMPA receptors are expressed and functional in the P5 hippocampus, and that their

activation has a significant effect on the membrane potential and event frequency in

CA1 pyramidal cells.
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Figure 3.9: AMPA increases the frequency of events recorded from P5 CA1 pyramidal
neurons. Non-consecutive 10 second-long example traces recorded during either control
conditions (A), AMPA (0.2 µM) application (B) or the co-application of AMPA with Gbz
(6 µM) (C), scale bars are equal to 10 mV and 2 seconds and apply to all traces. D) Bar chart
showing the time course of mean total event frequency (events/min) during a 10 minute-long
AMPA application, n = 5. E) Bar chart showing the time course of mean event frequency
(events/min) with amplitude under 20 mV during a 10 minute-long AMPA application, n
= 5. F) Bar chart showing the time course of mean event frequency (events/min) with
amplitude over 20 mV during a 10 minute-long AMPA application, n = 5. G) Bar chart
showing the time course of mean burst event frequency (events/min) during a 10 minute-
long AMPA application, n = 5.
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Because of the large increase in event frequency and the considerable drop in

recording quality after AMPA addition, Gbz was used to confirm that the events

measured in the course of AMPA application were GDPs and not simple spikes or

abnormal activity caused by membrane potential depolarization or poor cell health.

When Gbz was co-applied with AMPA there was a large drop in event frequency

(figure 3.9 G). The events were nearly fully abolished in three out of four cells,

where the average frequency was reduced by 98.2% compared to AMPA alone.

However in one cell Gbz co-applied with AMPA only caused a 87.6% reduction

in average event frequency after AMPA application (data not shown). The average

event frequency during the ACSF control was 24.8 events/min in the cell that did not

fully respond to the Gbz, so this cell had a rather high rate of events. The increase

in activity seen in cells exposed to AMPA is likely to be represented by GABAA

mediated GDPs in the majority of the cells, however we cannot exclude that in a

minority of cases the depolarizing events observed may be spikes or bursts caused

by AMPA receptor-mediated membrane depolarisation.
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Figure 3.10: AMPA significantly increases the frequency of events recorded from P5
CA1 pyramidal neurons, but has no effect on event duration. A) Aligned scatter plot
with bars indicating total event frequency (events/min) during the final 5 minutes of the con-
trol period and the first 2 minutes of the 5 minute-long AMPA application, n = 5, p = 0.042
(paired t test). B) Aligned scatter plot with bars indicating event frequency (events/min)
with amplitudes under 20 mV during the final 5 minutes of the control period and the first 2
minutes of the 5 minute-long AMPA application, n = 5, p = 0.017 (paired t test). C) Aligned
scatter plot with bars indicating event frequency (events/min) with amplitudes over 20 mV
during the final 5 minutes of the control period and the first 2 minutes of the 5 minute-long
AMPA application, n = 5, p = 0.082 (paired t test). D) Aligned scatter plot with bars indicat-
ing the burst event frequency (events/min) during the final 5 minutes of the control period
and the first 2 minutes of the 5 minute-long AMPA application, n = 5, p = 0.35 (paired t
test). E) Bar chart showing the time course of mean event duration (ms) with an amplitude
of under 20 mV during a 5 minute-long AMPA application, n = 6. F) Bar chart showing
the time course of mean event duration (ms) with an amplitude of over 20 mV during a 5
minute-long AMPA application, n = 6. G) Bar chart showing the time course of mean burst
event duration (ms) during a 5 minute-long AMPA application, n = 6. H) Bar chart show-
ing the time course of mean total event frequency (events/min) during a 12 minute-long
application of AMPA with the addition in the last 10 minutes of Gbz, n = 5.
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3.1.6 Concomitant NMDA and AMPA receptor activation facil-

itates burst event activation

AP5 and NBQX are antagonists of NMDA and AMPA receptors respectively

(Davies et al., 1981; Zeman and Lodge, 1992). These drugs were applied to the hip-

pocampal slices to ascertain whether glutamate receptor activation is required for

GDP generation in CA1 pyramidal neurons. When AMPA and NMDA receptors

were concomitantly inhibited (figure 3.11) event frequency was not significantly

effected accept for bursts which decreased in number by 45% (figure 3.12, 2.7 ±

0.5 to 1.5 ± 0.4 events/min, n = 8). There was no significant difference in av-

erage event duration. The input resistance (from 1198 ± 182.5 to 1102 ± 216.6

MΩ, n = 8) and membrane potential (from -55 ± 0.9 to 53.4 ± 1.3 mV, n = 8)

of CA1 pyramidal neurons showed only minor changes after the addition of AP5

and NBQX. From these data it can be concluded that glutamate receptor activation

facilitates burst event frequency in P5 CA1 pyramidal cells, but is not essential for

other events.
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Figure 3.11: Co-application of NMDA and AMPA receptor antagonists reduces the
frequency of burst events recorded from P5 CA1 pyramidal neurons. 10 second-long
example traces recorded from either control conditions (A) or the co-application of AP5 (50
µM) and NBQX (5 µM) (B), scale bars are equal to 10 mV and 2 seconds and apply to all
traces. C) Bar chart showing the time course of mean total event frequency (events/min)
during a 10 minute long co-application of AP5 and NBQX, n = 8. D) Bar chart showing
the time course of mean event frequency with an amplitude of under 20 mV (events/min)
during a 10 minute long co-application of AP5 and NBQX, n = 8. E) Bar chart showing the
time course of mean event frequency with an amplitude of over 20 mV (events/min) during
a 10 minute long co-application of AP5 and NBQX, n = 8. F) Bar chart showing the time
course of mean burst event frequency (events/min) during a 10 minute long co-application
of AP5 and NBQX, n = 8.
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Figure 3.12: Co-application of NMDA and AMPA receptor antagonists significantly
reduces the frequency of burst events recorded from P5 CA1 pyramidal neurons, but
has no effect on duration. A) Bar chart showing the time course of mean event duration
(ms) with an amplitude of under 20 mV during a 10 minute long AP5 (50 µM) and NBQX
(5 µM) application, n = 8. B) Bar chart showing the time course of mean event duration
(ms) with an amplitude of over 20 mV during a 10 minute long AP5 and NBQX applica-
tion, n = 8. C) Bar chart showing the time course of mean burst event duration (ms) during
a 10 minute long AP5 and NBQX application, n = 8. D) Aligned scatter plot with bars
indicating mean total event frequency (events/min) during the final 5 minutes of the control
period and the final 5 minutes of the 10 minute-long AP5 and NBQX co-application, n = 8,
p = 0.45 (paired t test). E) Aligned scatter plot with bars indicating mean event frequency
(events/min) with an amplitude of under 20 mV during the final 5 minutes of the control
period and the final 5 minutes of the 10 minute-long AP5 and NBQX co-application, n = 8,
p = 0.89 (paired t test). F) Aligned scatter plot with bars indicating mean event frequency
(events/min) with an amplitude of over 20 mV during the final 5 minutes of the control pe-
riod and the final 5 minutes of the 10 minute-long AP5 and NBQX co-application, n = 8, p =
0.42 (paired t test). G) Aligned scatter plot with bars indicating mean burst event frequency
(events/min) during the final 5 minutes of the control period and the final 5 minutes of the
10 minute-long AP5 and NBQX co-application, n = 8, p = 0.024 (paired t test).
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3.1.7 NMDA receptor antagonists alone do not have any ef-

fect on GDPs recorded from hippocampal pyramidal neu-

rons

NMDA receptor antagonists, AP5 and MK801 (Wong et al., 1986), were used to

ascertain if NMDA receptors alone were required for GDP activity within the P3

and P5 hippocampus (figure 3.13). AP5 is a competitive NMDA channel antagonist

(Evans et al., 1982), whereas MK801 blocks open channels (Huettner and Bean,

1988): using both together ensures that NMDA receptors are antagonised whether

active or not. Due to variations in the literature it was investigated whether NMDA

receptors had an effect on P3 aged neurons. When AP5 and MK801 were added

together, they did not have any effect on the properties of GDPs from P3 CA1

pyramidal neurons, neither GDP frequency(figure 3.13 A and B) nor duration were

significantly changed. There was only a negligible change in the input resistance

(1002 ± 167.1 to 1023 ± 263.5 MΩ, n = 4) and membrane potential (-54 ± 1.7 and

-54.1 ± 1.4 mV, n = 4) in CA1 pyramidal neurons following the addition of AP5

and MK801. Gbz added with AP5 and MK801 confirmed the events recorded were

GABAA Receptor-dependent GDPs.
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Figure 3.13: NMDA receptor antagonists do not affect the frequency of GDPs recorded
from pyramidal neurons. A)Bar chart showing the time course of mean GDP frequency
(GDPs/min) in P3 CA1 pyramidal neurons during a 15 minute-long co-application of the
NMDA receptor antagonists AP5 (50 µM) and MK801 (40 µM), with the addition in the
last 5 minutes of Gbz (6 µM), n = 4. B) Aligned scatter plot with bars indicating mean fre-
quency of GDPs (GDPs/min) in P3 CA1 pyramidal neurons during the final 5 minutes of the
control period, the final 5 minutes of the 10 minute-long AP5 and MK801 co-application,
and the last 5 minutes with additional Gbz, n = 4, p = 0.027 (repeated measures ANOVA,
Bonferroni’s post test). C) Bar chart showing the time course of mean GDP frequency
(GDPs/min) in P3 CA3 pyramidal neurons during a 15 minute long co-application of the
AP5 and MK801, with the addition in the last 5 minutes of the Gbz, n = 5. D) Aligned scatter
plot with bars indicating GDP mean frequency (GDPs/min) in P3 CA3 pyramidal neurons
during the final 5 minutes of the control period, the final 5 minutes of the 10 minute-long
and MK801 co-application and the last 5 minutes with additional Gbz, n = 5, p <0.0001
(repeated measures ANOVA, Bonferroni’s post test). E) Bar chart showing the time course
of mean GDP frequency (GDPs/min) in P5 CA1 pyramidal neurons during a 5 minute co-
application of AP5 and MK801, n = 5. F) Aligned scatter plot with bars indicating the mean
frequency of GDPs (GDPs/min) in P5 CA1 pyramidal neurons during the final 5 minutes
of the control period and the 5 minutes co-application of AP5 and MK801, n = 5, p = 0.4
(paired t test).
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Similarly to what was observed in CA1 pyramidal neurons, inhibition of NMDA

receptors by a combination of AP5 and MK801 did not affect GDPs measured in

CA3 pyramidal neurons at P3 (figure 3.13 C and D). This is not in agreement with a

previous report showing that an NMDA antagonist reduced GDP frequency in CA3

neurons (Gaiarsa et al., 1991) but this may be due to the wider variation of ages

used in this report. However when the outlier repetition is removed there is a sig-

nificant increase in GDP frequency (post-test from repeated measurement ANOVA,

P ¡ 0.0001 overall), which is opposite to the results from Gaiarsa et al. (1991). The

mean input resistance was 1183 ± 152.2 MΩ during the control and decreased to

1016 ± 145.8 MΩ after AP5 and MK801 co-application, but this change was not

significant (n = 0.63, paired t test, p = 5). The membrane potential was measured

as 55.8 ± 1.1 mV during the control and -56.3 ± 1.2 mV after drug application of

NMDA receptor antagonists (p = 0.52, paired t test, n = 5).

In agreement with our observations on P3 hippocampal pyramidal neurons, the co-

application AP5 and MK801 did not have any effect on GDPs in P5 CA1 pyramidal

neurons (figure 3.13 E and F). There was no significant change in either input re-

sistance (from 1310 ± 358.8 to 1301 ± 386.1 MΩ, p = n) or membrane potential

(from -55.3 ± 1 and -56 ± 1.3 mV, n = 5) of CA1 pyramidal neurons after the appli-

cation of NMDA receptor antagonists. Mean GDP duration was not changed in any

of these experiments (figure 3.14). From these data it can be concluded that NMDA

receptors do not show clear involvement in the generation or modulation of GDPs

within the neonatal hippocampus.
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Figure 3.14: NMDA receptor antagonists do not affect the duration of GDPs recorded
from pyramidal neurons. A)Bar chart showing the time course of mean GDP duration
(ms) in P3 CA1 pyramidal neurons during a 15 minute-long co-application of the NMDA
receptor antagonists AP5 (50 µM) and MK801 (40 µM), with the addition in the last 5
minutes of Gbz (6 µM), n = 4. B) Aligned scatter plot with bars indicating mean GDP
duration (ms) in P3 CA1 pyramidal neurons during the final 5 minutes of the control period,
the final 5 minutes of the 10 minute-long AP5 and MK801 co-application, and the last 5
minutes with additional Gbz, n = 4, p = 0.48 (paired t test). C) Bar chart showing the
time course of mean GDP duration (ms) in P3 CA3 pyramidal neurons during a 15 minute
long co-application of the AP5 and MK801, with the addition in the last 5 minutes of Gbz,
n = 5. D) Aligned scatter plot with bars indicating mean GDP duration (ms) in P3 CA3
pyramidal neurons during the final 5 minutes of the control period, the final 5 minutes of
the 10 minute-long AP5 and MK801 co-application and the last 5 minutes with additional
Gbz, n = 5, p = 0.92 (paired t test). E) Bar chart showing the time course of mean GDP
duration (ms) in P5 CA1 pyramidal neurons during a 5 minute co-application of AP5 and
MK801, n = 5. F) Aligned scatter plot with bars indicating the mean duration (ms) of GDPs
in P5 CA1 pyramidal neurons during the final 5 minutes of the control period and the 5
minutes co-application of AP5 and MK801, n = 5, p = 0.21 (paired t test).
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3.1.8 An AMPA receptor antagonist alone does not have any ef-

fect on GDPs recorded from hippocampal pyramidal neu-

rons

The AMPA receptor antagonist NBQX was applied to P5 hippocampal slices to

establish if AMPA receptors are required for GDPs recorded from P5 pyramidal

neurons. NBQX had no significant effect on GDP frequency or duration (figure

3.15), which is different from a previous report that an AMPA receptor antagonist

could completely abolish GDPs (Bolea et al., 1999). From these data it can be

concluded that AMPA receptors are not overtly necessary for GDP activity within

P5 CA1 pyramidal neurons. However it may be possible that the concentration of

NBQX that was used was not high enough in the situation, Bolea et al. (1999) used

10-40 µ CNQX.

It is interesting to note that NMDA (figure 3.13) or AMPA (figure 3.15) receptor

antagonists, when applied alone, had no effect on GDPs, but when applied together

(figure 3.11) there was a drop in GDP frequency. This is likely to be because when

both AMPA and NMDA receptors are deactivated there will be no more depolarisa-

tions of neurons due to ionotropic glutamate receptors (either synaptic transmission

or tonic release), decreasing activity throughout the whole hippocampus.
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Figure 3.15: An AMPA receptor antagonist does not affect the frequency or duration
of GDPs recorded from CA1 pyramidal neurons. A) 10 second-long traces taken from
the control period. B) 10 second-long traces recorded in the presence of the AMPA receptor
antagonist NBQX (5 µM), scale bars are equal 10 mV and 2 seconds and apply to all traces
C) Bar chart showing the time course of mean GDP frequency (GDPs/min) during a 10
minute-long application of NBQX, n = 5. D) Aligned scatter plot with bars indicating the
mean frequency of GDPs (GDPs/min) during the final 5 minutes of the control period and
the final 5 minutes of the NBQX application, n = 5, p = 0.96 (paired t test). E) Bar chart
showing the time course of mean GDP duration (ms) during a 10 minute long application
of NBQX, n = 5. F) Aligned scatter plot with bars indicating the mean duration of GDPs
(ms) during the final 5 minutes of the control period and the final 5 minutes of the NBQX
application, n = 5, p = 0.38 (paired t test).
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3.2 SK channels in the neonatal hippocampus

3.2.1 SK channels are functionally expressed and affect sponta-

neous activity in the neonatal hippocampus

Previous reports show SK channel mRNA is present from birth in the CA1 region of

the hippocampus (Gymnopoulos et al., 2014). It was therefore investigated whether

SK channels are functionally expressed and affect spontaneous, and physiologically

relevant, events in the neonatal hippocampus. Apamin is a bee-venom toxin that acts

as a highly potent and specific SK channel inhibitor (Romey et al., 1984; Blatz and

Magleby, 1986). When apamin was bath-applied to P3 hippocampal slices there

was no significant change in the input resistance of P3 CA1 hippocampal neurons

(1363.5 ± 173.3 to 1101 ± 275.2 MΩ, n = 8, p = 0.29, paired t test). However, the

membrane potential was significantly depolarised by 15% after the application of

apamin (-51.6 ± 2.3 to - 43.4 ± 2.5 mV, n = 8, figure 3.18 A). Due to the binding

affinity of the apamin toxin a washout was not feasible (Mourre et al., 1986).
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Figure 3.16: The effect of an SK channel inhibitor of event frequency in CA1 pyra-
midal neurons. A) 10 second-long example traces taken from the control period. B) 10
second-long example traces taken from the 10 minute-long application of the SK channel
inhibitor apamin (100 nM), scale bars are equal to 10 mV and 2 seconds and apply to A
and B. C) Chart showing the time course of total event frequency (events/min) during a 10
minute-long apamin application, n = 8. D) Chart showing the time course of event frequency
(events/min) with an amplitude under 20 mV during a 10 minute-long apamin application,
n = 8. E) Chart showing the time course of event frequency (events/min) with an amplitude
over 20 mV during a 10 minute-long apamin application, n = 8. F) Chart showing the time
course of burst event frequency (events/min) during a 10 minute-long apamin application,
n = 8.
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Figure 3.17: An SK channel inhibitor, Apamin, increases the frequency of burst events
in CA1 pyramidal neurons. A) Aligned scatter plot with bars indicating mean total event
frequency (Events/min) during the final 5 min of the control and the final 5 minutes of
the apamin application, n = 8, p = 0.93 (paired t test). B) Aligned scatter plot with bars
indicating mean event frequency (Events/min) with an amplitude under 20 mV during the
final 5 min of the control and the final 5 minutes of the apamin application, n = 8, p =
0.62 (paired t test). C) Aligned scatter plot with bars indicating mean event frequency
(Events/min) with an amplitude over 20 mV during the final 5 min of the control and the
final 5 minutes of the apamin application, n = 8, p = 0.32 (paired t test). D) Aligned scatter
plot with bars indicating mean burst event frequency (Events/min) during the final 5 min of
the control and the final 5 minutes of the apamin application, n = 8, p = 0.049 (Wilcoxon
signed rank test). E) Traces from all the GDPs detected within the control (upper) and the 10
minute-long apamin application (lower) from a representative recording, the red dashed line
indicates 2 mV above baseline, the level below which the GDP is judged to have terminated,
scale bars equal to 10 mV and 500 ms. F) Chart showing the time course of mean event
duration (ms) with an amplitude under 20 mV during a 10 minute-long apamin application,
n = 9. G) Chart showing the time course of mean event duration (ms) with an amplitude
over 20 mV during a 10 minute-long apamin application, n = 9. H) Chart showing the time
course of mean burst event duration (ms) during a 10 minute-long apamin application, n =
9.
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After the addition of apamin (figure 3.16) there was a significant change in the burst

event frequency with a 81.3% increase (figure 3.17) plus there was significant in-

crease in the duration of both events with an amplitude over 20 mV and burst events,

30.7% and 33.8% respectively. This increase in GDP duration was not correlated

with the change in membrane potential (figure 3.18 B). Therefore SK channels are

functionally expressed within P3 hippocampus and affect the membrane potential

of CA1 pyramidal neurons and the duration of GDPs.
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Figure 3.18: An SK channel inhibitor, Apamin, significantly increases the frequency of
events in P3 CA1 pyramidal neurons, the SK channels contribute to the neurons Vrest
but its change is not responsible for the increase in GDP duration. A) Aligned scatter
plot with bars indicating mean event duration (ms) with an amplitude under 20 mV during
the final 5 min of the control and the final 5 minutes of the apamin application, n = 8, p =
0.13 (paired t test). B) Aligned scatter plot with bars indicating mean event duration (ms)
with an amplitude over 20 mV during the final 5 min of the control and the final 5 minutes
of the apamin application, n = 8, p = 0.013 (paired t test). C) Aligned scatter plot with bars
indicating mean burst event duration (ms) during the final 5 min of the control and the final
5 minutes of the apamin application, n = 8, p = 0.025 (paired t test). D) Aligned scatter plot
with bars indicating mean Vrest (mV) before and after the addition of apamin (100 nM), n
= 8, p = 0.003 (paired t test). E) Scatter graph with the change in mean Vrest (mV) plotted
against mean GDP duration (ms) after the addition of apamin, n = 8, Pearson’s rank test, p
= 0.42.

3.2.2 NMDA receptor activation is not needed for the SK

channel-mediated modulation of GDPs

Previous reports have found that the calcium influx through NMDA receptors can

activate SK channels, which helps to regulate the activity of neurons (Faber et al.,

2005; Ngo-Anh et al., 2005). Both NMDA receptors and SK channels are expressed
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at early stages of hippocampal development (i.e. P3). We therefore asked whether a

functional coupling between NMDA receptors, acting as potential calcium sources,

and SK channels could underlie the modulatory action of SK channels on GDPs.

To address this question, we performed experiments where NMDA receptors were

inhibited using the antagonists AP5 and MK801, and subsequently suppressed SK

channels by applying apamin.
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Figure 3.19: The effect of the SK channel inhibitor, apamin, on GDPs recorded from
P3 CA1 pyramidal neurons is not dependent on NMDA receptors. 10 second-long
example traces taken from: the control period (A), the 5 minute-long AP5 (50 µM) and
MK801 (40 µM) co-application (B) and the 10 minute-long AP5, MK801 plus apamin
(100 nM) co-application (C), scale bars are equal to 10 mV and 2 seconds and apply to
all traces. D) Chart showing the time course of mean GDP frequency (GDPs/min) dur-
ing a 5 minute-long AP5 and MK801 application and the 10 minute-long AP5, MK801
plus apamin application, n = 8. E) Aligned scatter plot with bars indicating mean GDP
frequency (GDPs/min) during the final 5 min of the control, the 5 minute-long AP5 and
MK801 application and the final 5 minutes-long of the AP5, MK801 plus apamin applica-
tion, n = 8 (repeated measurement ANOVA, Bonferroni’s post test). F) Chart showing the
time course of mean GDP duration (ms) during a 5 minute-long AP5 and MK801 applica-
tion and the 10 minute AP5, MK801 plus apamin application, n = 8. G) Aligned scatter plot
with bars indicating mean GDP duration (ms) during the final 5 minutes-long of the control,
the 5 minute AP5 and MK801 application and the final 5 minutes of the AP5, MK801 plus
apamin application, n = 8, p = <0.0001 (repeated measurement ANOVA, Bonferroni’s post
test).
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There were only minor changes in the input resistance between the ACSF control,

the application of AP5 and MK801 and addition of apamin in the presence of the

NMDA receptor antagonists (1150.8 ± 180.5, 1185 ± 249.9 and 1246.3 ± 199.7

MΩ respectively). Both AP5 and MK801 did not modify GDP frequency or dura-

tion (figure 3.19), which agrees well with previous experiments (figure 3.13). When

apamin was applied in the presence of AP5 and MK801, there was no change in

GDP frequency but there was a significant increase in duration of 106.2%, com-

pared to GDP duration during AP5 plus MK801 (from 240.8 ± 17.8 ms to 496.5 ±

99 ms, n = 8). AP5 and MK801 did not have any effect on the membrane poten-

tial, but there was a significant 19.7% depolarisation after the addition of apamin

(-50 ± 1.1 to - 40.3 ± 0.6 mV, n = 8, figure 3.20 A), this change in the mem-

brane potential was not correlated with the change in GDP duration (figure 3.20 B).

SK channel inhibition by apamin had the same impact on GDPs in the presence or

absence of NMDA receptor antagonists, suggesting that NMDA receptors are not

required for the SK channel-mediated regulation of GDP duration and membrane

potential.
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Figure 3.20: SK channel inhibition depolarises the Vrest of P3 CA1 pyramidal neurons
and but this change is not responsible for the rise in GDP duration. A) Aligned scatter
plot with bars indicating mean Vrest (mV) during the ACSF control, the AP5 (50 µM) plus
MK801 (40 µM) co-application and the AP5, MK801 plus apamin (100 nM) application,
n = 8, p = <0.0001 (repeated measurement ANOVA, Bonferroni’s post test). B) Scatter
graph with the change in mean Vrest (mV) plotted against mean GDP duration (ms) after
the addition of apamin, both in the presence of AP5 and MK801, n = 8, p = 0.82, Pearson’s
rank test.

3.2.3 Positive modulators of SK channels modulate spontaneous

events in the neonatal hippocampus

EBIO is a positive modulator of the calcium activated potassium channels IK and

SK, it acts by increasing their apparent sensitivity to calcium (Devor et al., 1996;

Pedersen et al., 1999; Pedarzani et al., 2001). The effect of the SK channel inhibitor,

apamin, on GDP duration led us to formulate the hypothesis that an increase in SK

channel activity, such as that produced by EBIO, should lead to an opposite effect

if SK channels are indeed involved in the regulation of GDPs in the neonatal hip-

pocampus. When EBIO was bath applied, there was no significant change in the

input resistance of CA1 pyramidal neurons (938.3 ± 216.2 to 842.4 ± 202.9 MΩ, n

= 6, p = 0.61, paired t test). However there was a significant 19.6% hyperpolarisa-

tion of the membrane potential, from -52.4 ± 1.6 to -62.7 ± 3.9 mV (figure 3.22 C,
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n = 6), suggesting that EBIO had enhanced the activity of SK channels in response

to basal calcium levels.

When EBIO was applied, GDP frequency was significantly reduced by 85.3% (fig-

ure 3.21 C and D), from an average of 5.4 ± 0.8 GDPs/min to 0.8 ± 0.6 GDPs/min

(n = 6). There was no significant difference in mean GDP duration (figure 3.21 E

and F). However GDP duration looked to be decreasing near the end of the EBIO

application and it is possible that there would have been a significant change if the

experiments were longer in length. This dramatic reduction in GDP frequency is

in line with the “silencing” effect that EBIO has on the firing of juvenile neurons

(Yanovsky et al., 2006). There was no correlation found between the change in

membrane potential and decrease in GDP frequency (figure 3.22 D). EBIO was dis-

solved in DMSO, as a control DMSO was added to P3 hippocampus for 30 minutes

and there was no significant change in mean GDP frequency or duration (figure 3.22

A and B). As EBIO significantly decreased both GDP frequency and membrane po-

tential, it can be concluded that SK channels are expressed in the hippocampus at

P3 and modulate spontaneous events present at this age.
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Figure 3.21: A positive modulator of SK channels, EBIO, decreased the frequency of
GDPs recorded from P3 CA1 pyramidal neurons. A) 10 second-long example traces
taken from the control period. B) 10 second-long example traces taken from the 10 minute-
long EBIO (100 µM) application, scale bars are equal to 10 mV and 2 seconds and apply to
all traces. C) Chart showing the time course of mean GDP frequency (GDPs/min) during
a 10 minute-long EBIO application, n = 6. D) Aligned scatter plot with bars indicating
mean GDP frequency (GDPs/min) during the final 5 min of the control period and final 5
min of the EBIO application, n = 6, p = 0.009 (paired t test). E) Chart showing the time
course of mean GDP duration (ms) during a 10 minute-long EBIO application, n = 6. F)
Aligned scatter plot with bars indicating mean GDP duration (ms) during the final 5 min of
the control period and final 5 min of the EBIO application, n = 6, p = 0.686 (paired t test).
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Figure 3.22: A positive modulator of SK channels, EBIO, hyperpolarises the mem-
brane potential. A) Chart showing the time course of mean GDP frequency (GDPs/min)
during a 30 minute-long DMSO (0.1%) application, n = 4. B) Chart showing the time course
of mean GDP duration (ms) during a 30 minute-long DMSO application, n = 4. C) Aligned
scatter plot with bars indicating mean Vrest (mV) before and after a 10 minute-long EBIO
(100 µM) application, n = 6, p = 0.031 (paired t test). D) Scatter graph with the change in
mean Vrest (mV) plotted against the change in mean GDP frequency (GDPs/min) after the
addition of EBIO, n = 6, p = 0.53, Pearson’s rank test.

EBIO affects other conductances (i.e. sIAHP) beside the SK channels in hippocam-

pal pyramidal neurons (Pedarzani et al., 2001) and this might have an impact on

its strong effect on GDP frequency. NS309 is a more specific and potent positive

modulator of SK channels (Strøbaek et al., 2004) and was added to hippocampal

slices to establish whether SK channels alone can affect GDP activity in P3 CA1

pyramidal neurons. The input resistance before and after the addition of NS309

was 951.1 ± 103.2 and 748.7 ± 84 MΩ respectively, this change was not signifi-

cant (n = 9, p = 0.7, paired t test). There was a significant 26.7% hyperpolarisation

of the membrane potential in the presence of NS309 (from -49.4 ± 1.3 to -62.7 ±
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3.9 mV, figure 3.25 A, n = 9). This effect was reversed by the addition of the SK

specific inhibitor apamin (figure 3.25 B), providing a strong evidence of the specific

involvement of SK channels.
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Figure 3.23: A positive modulator of SK channels, NS309, decreased the frequency
of events recorded from P3 CA1 pyramidal. A) 10 second-long example traces taken
from the control period. B) 10 second-long example traces taken from the 25 minute-long
10 µM NS309 application, scale bars are equal to 10 mV and 2 seconds and apply to all
traces. C) Chart showing the time course of total event frequency (events/min) during a 25
minute-long NS309 application, n = 9. D) Chart showing the time course of event frequency
(events/min) with an amplitude under 20 mV during a 25 minute-long NS309 application,
n = 9. E) Chart showing the time course of event frequency (events/min) with an amplitude
over 20 mV during a 25 minute-long NS309 application, n = 9. F) Chart showing the time
course of burst event frequency (events/min) during a 25 minute-long NS309 application, n
= 9.
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Figure 3.24: A positive modulator of SK channels, NS309, significantly decreases the
frequency but not the duration of events recorded from P3 CA1 pyramidal neurons.
A) Aligned scatter plot with bars indicating mean total event frequency (Events/min) during
the final 5 min of the control period and the final 5 min of the NS309 application, n = 9, p =
0.02 (Wilcoxon signed rank test). B) Aligned scatter plot with bars indicating mean event
frequency (Events/min) with an amplitude under 20 mV during the final 5 min of the control
period and the final 5 min of the NS309 application, n = 9, p = 0.039 (Wilcoxon signed rank
test). C) Aligned scatter plot with bars indicating mean event frequency (Events/min) with
an amplitude over 20 mV during the final 5 min of the control period and the final 5 min
of the NS309 application, n = 9, p = 0.019 (paired t test). D) Aligned scatter plot with bars
indicating mean burst event frequency (Events/min) during the final 5 min of the control
period and the final 5 min of the NS309 application, n = 9, p = 0.049 (Wilcoxon signed rank
test). E) Traces of the GDPs detected in the last 5 minutes of the control (upper) and the
25 minute-long NS309 application (lower) from a representative recording, the red dashed
line indicates 2 mV above baseline, the level below which the GDPs are judged to have
terminated. Chart showing the time course of mean event duration (ms) during a 25 minute-
long NS309 application, F) with an amplitude under 20 mV, G) amplitude over 20 mV, H)
burst events, n = 9. F) Aligned scatter plot with bars indicating mean event duration (ms)
with an amplitude under 20 mV during the final 5 min of the control period and the final 5
min of the NS309 application, n = 9, p = 0.88 (paired t test).



3.2. SK channels in the neonatal hippocampus 81

NS309 significantly reduced mean frequency of events with an amplitude under 20

mV, over 20 mV and plus events by 67.7%, 76.8% and 82.5% respectively (figure

3.23). There was no significant change in the mean duration events with an ampli-

tude of under 20 mV (figure 3.24), the number of the burst events and those with an

amplitude over 20 mV reduced to a point where statistics were not possible. There

was no correlation between the reduction in membrane potential and the change in

either GDP frequency or duration (figure 3.25 C and D). Therefore SK channels are

functionally expressed in the P3 hippocampus and significantly affect the membrane

potential as well as modulate GDP activity.

Figure 3.25: A positive modulator of SK channels, NS309, hyperpolarises the Vrest of
P3 CA1 pyramidal neurons, this effect is reversed by apamin. A) Aligned scatter plot
with bars indicating mean Vrest (mV) before and after NS309 (10 µM) application, n = 9, p
= 0.004 (paired t test). B) Aligned scatter plot with bars indicating mean Vrest (mV) during
the control, the NS309 application and the NS309 plus apamin (100 nM) co-application, n
= 6, p = 0.0006 (repeated measurement ANOVA, Bonferroni’s post test). C) Scatter graph
with the change in mean Vrest (mV) plotted against the change in mean GDP frequency
(GDPs/min) after the addition of NS309, n = 9, p = 0.087, Pearson’s rank test. D) Scatter
graph with the change in mean Vrest (mV) plotted against the change in mean GDP duration
(ms) after the addition of NS309, n = 7, p = 0.7, Pearson’s rank test.
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3.3 mGluRs and their functional role in the develop-

ing hippocampus

3.3.1 Group 1 metabotropic glutamate receptor activation af-

fects event frequency

Group 1 mGluRs (mGluR1 and mGluR5) have been shown to be expressed in the

neonatal hippocampus (Catania et al., 1994; Shigemoto et al., 1997; López-Bendito

et al., 2002) and mGluRs have been demonstrated to affect the frequency GDPs

(Strata et al., 1995). In order to investigate the role of group 1 mGluRs in the mod-

ulation of GDPs a group 1 mGluR agonist, DHPG (Ito et al., 1992; Wiśniewski and

Car, 2002), was used. There was no significant change in either the input resistance

(from 1074 ± 216 to 1160.1 ± 355 MΩ, n = 11, p = 0.53, paired t test) or membrane

potential (from -49.5 ± 1 to -47.4 ± 1.1 mV, n = 11, p = 0.34, paired t test) after the

addition of DHPG.

When DHPG was applied the frequency of all types of events in CA1 neurons in-

creased significantly by around 200-300% (figure 3.26 and 3.27). After a 5 minute-

long wash-out period, event frequency returned to the level observed in the ACSF

control. There was no significant change in mean event duration (figure 3.27). It

can be concluded from these data that group 1 mGluRs are functionally expressed in

the neonatal hippocampus at P5 and their activation affects the frequency of GDPs

recorded from CA1 pyramidal neurons.
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Figure 3.26: Application of a group 1 mGluR agonist increases the frequency of events
recorded from P5 CA1 pyramidal neurons. 10 second-long example traces from either
the control period (A), the 10 minute-long application of the group 1 mGluR agonist DHPG
(2.5 µM , B) or from the wash-out period (C), scale bars are equal to 10 mV and 2 seconds
and apply to all traces. D) Bar chart showing the time course of mean total event frequency
(events/min) during a 10 minute long application of DHPG, n = 11. E) Bar chart showing
the time course of mean event frequency (events/min) with an amplitude of under 20 mV
during a 10 minute long application of DHPG, n = 11. F) Bar chart showing the time course
of mean event frequency (events/min) with an amplitude of over 20 mV during a 10 minute
long application of DHPG, n = 11. G) Bar chart showing the time course of mean burst
event frequency (events/min) during a 10 minute long application of DHPG, n = 11.
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Figure 3.27: Application of a group 1 mGluR agonist has no effect on event duration
but significantly increases the frequency of events recorded from P5 CA1 pyramidal
neurons. A) Bar chart showing the time course of mean event duration (ms) during a 10
minute-long application of DHPG, A) with amplitudes of under 20 mV, B) with amplitudes
of over 20 mV, C) burst events, n = 11. D) Aligned scatter plot with bars indicating mean
total event frequency (events/min) during the final 5 minutes of the control period, the final
5 minutes of the DHPG application and the final 5 minutes of the wash-out period, n = 11, p
= ¡0.0001 (repeated measurement ANOVA, Bonferroni’s post-test). E) Aligned scatter plot
with bars indicating mean event frequency (events/min) with amplitude of under 20 mV
during the final 5 minutes of the control period, the final 5 minutes of the DHPG application
and the final 5 minutes of the wash-out period, n = 11, p = ¡0.0001 (repeated measurement
ANOVA, Bonferroni’s post-test). F) Aligned scatter plot with bars indicating mean event
frequency (events/min) with amplitude of over 20 mV during the final 5 minutes of the
control period, the final 5 minutes of the DHPG application and the final 5 minutes of the
wash-out period, n = 11, p = 0.0001 (repeated measurement ANOVA, Bonferroni’s post-
test). G) Aligned scatter plot with bars indicating mean burst event frequency (events/min)
during the final 5 minutes of the control period, the final 5 minutes of the DHPG application
and the final 5 minutes of the wash-out period, n = 11, p = 0.039 (repeated measurement
ANOVA, Bonferroni’s post-test).
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3.3.2 mGluR5 is responsible for a transient increase in event fre-

quency after DHPG application

Taketo and Matsuda (2010) demonstrated mGluR1 is more important than mGluR5

for calcium influx in CA1 interneurons. To test whether mGluR1, mGluR5 or both

is responsible for the DHPG’s effect on GDPs from pyramidal cells in the CA1

region their respective antagonists were used together with DHPG. MPEP is an

mGluR5 antagonist (Sashida et al., 1988; Gasparini et al., 1999) and was applied to

hippocampal slices for 10 minutes, after which it was co-applied with DHPG for a

further 10 minutes (figure 3.28). After the addition of MPEP and then subsequently

also DHPG there was only minor changes in the input resistance (from 965.9 ±

115.9 to 1077.6 ± 263 and then 1053.6 ± 244 MΩ, n = 7) and membrane potential

(from -53.3 ± 2 to -52.9 ± 3.6 and then -50.3 ± 2.2 mV, n = 7). There was no

significant change in either GDP frequency or duration during the application of

MPEP alone.
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Figure 3.28: DHPG caused a smaller and briefer increase in event frequency following
the inhibition of mGluR5. 10 second-long example traces from either the control period
(A), the 10 minute-long application of the mGluR5 antagonist MPEP (10 µM, B) or from
the 10 minute-long co-application of DHPG (2.5 µM) and MPEP (C), scale bars are equal
to 10 mV and 2 seconds and apply to all traces. D) Bar chart showing the time course of
mean total event frequency (events/min) during a 20 minute long application of MPEP, the
final 10 minutes also with DHPG, n = 7. E) Bar chart showing the time course of mean
event frequency (events/min) with an amplitude under 20 mV during a 20 minute long
application of MPEP, the final 10 minutes also with DHPG, n = 7. F) Bar chart showing the
time course of mean event frequency (events/min) with an amplitude over 20 mV during
a 20 minute long application of MPEP, the final 10 minutes also with DHPG, n = 7. G)
Bar chart showing the time course of mean burst event frequency (events/min) during a 20
minute long application of MPEP, the final 10 minutes also with DHPG, n = 7.
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When DHPG was added in the presence of MPEP there was a significant increase in

event frequency with an amplitude over 20 mV by 122% during the first 5 minutes

(figure 3.29 C). However this increase was not sustained for the full 10 minute-long

application period of DHPG plus MPEP, as during the last 5 minutes the frequency

returned to near baseline levels. There was no change in mean event duration dur-

ing DHPG and MPEP co-application (figure 3.29). From these data it can be con-

cluded that mGluR5 activation is not required for the baseline level of GDP activity

and is not solely responsible for the effect of DHPG on GDPs. However the ef-

fect of DHPG is not as pronounced following the inhibition of mGluR5 (only a

122% increase in mean event frequency compared to 307% for DHPG alone) and

is not as enduring, therefore mGluR5 is functionally expressed within the neona-

tal hippocampus and responsible for part of the large and sustained effect on GDP

frequency when activated.
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Figure 3.29: DHPG caused a significant increase in GDP frequency following the
inhibition of mGluR5, with no change in duration. A) Aligned scatter plot with bars
indicating mean total event frequency (evens/min) during the final 5 minutes of the control
period, the final 5 minutes of the MPEP alone application, the first 5 minutes of the co-
application of MPEP with DHPG, the final 5 minutes of the co-application of MPEP with
DHPG and the final 5 minutes of the wash-out period, n = 7, p = 0.0003 (repeated measure-
ment ANOVA, Bonferroni’s post-test). B) Aligned scatter plot with bars indicating mean
event frequency (events/min) with an amplitude under 20 mV during the final 5 minutes
of the control period, the final 5 minutes of the MPEP alone application, the first 5 min-
utes of the co-application of MPEP with DHPG, the final 5 minutes of the co-application
of MPEP with DHPG and the final 5 minutes of the wash-out period, n = 7, p = 0.13 (re-
peated measurement ANOVA, Bonferroni’s post-test). C) Aligned scatter plot with bars
indicating mean event frequency (events/min) with an amplitude over 20 mV during the
final 5 minutes of the control period, the final 5 minutes of the MPEP alone application,
the first 5 minutes of the co-application of MPEP with DHPG, the final 5 minutes of the
co-application of MPEP with DHPG and the final 5 minutes of the wash-out period, n = 7, p
= 0.0007 (repeated measurement ANOVA, Bonferroni’s post-test). D) Aligned scatter plot
with bars indicating mean burst event frequency (events/min) during the final 5 minutes of
the control period, the final 5 minutes of the MPEP alone application, the first 5 minutes
of the co-application of MPEP with DHPG, the final 5 minutes of the co-application of
MPEP with DHPG and the final 5 minutes of the wash-out period, n = 7, p = 0.02 (repeated
measurement ANOVA, Bonferroni’s post-test). Bar chart showing the time course of mean
event duration (ms) during a 20 minute long application of MPEP, the final 10 minutes also
with DHPG, E) with event under 20 mV, F) with event over 20 mV, G) burst events, n = 7.
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3.3.3 mGluR1 activation is essential for GDPs in CA1 pyramidal

neurons

Following the result that mGluR5 plays a significant role in the effect of group

1 mGluRs on GDPs, the function of mGluR1 in the neonatal hippocampus was

investigated. CPCOOEt is an mGluR1 antagonist (Hermans et al., 1998) and when

applied to hippocampal slices for 20 minutes it almost completely abolished GDPs

in CA1 pyramidal neurons (figure 3.30 C and F, from 16.8 ± 1.9 GDPs/min to 0.5

± 0.5 GDPs/min, n = 5). The input resistance fell from 859.7 ± 97.6 to 652.9 ±

56.2 MΩ after the application of CPCOOEt but this change was not significant (n =

5, p = 0.16, paired t test). There was also a 11.6% depolarisation of the membrane

potential, but also this increase was not significant (from -51.3 ± 2 to -45.4 ± 1.2

mV, n = 5, p = 0.06, paired t test).

The addition of CPCOOEt caused a significant 60.5% increase in the mean GDP

duration in the first 5 minutes of its application (3.30 D and F, from 248.2 ± 21 to

398.6 ± 43.5 ms), the duration then returned to baseline levels and became more

variable as the number of events approached zero. An application of DHPG, in the

presence of CPCOOEt, only had a small effect on GDP frequency and was not able

to stop their eventual elimination (figure 3.30 G).
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Figure 3.30: Inhibition of mGluR1 activity by the specific antagonist CPCOOEt de-
creases the frequency of GDPs recorded from P5 CA1 pyramidal neurons. A) 10
second-long example traces from the control period. B) 10 second-long example traces
recorded during the 20 minute-long application of the mGluR1 antagonist CPCOOEt (100
µM), scale bars are equal to 10 mV and 2 seconds and apply to all traces. C) Bar chart
showing the time course of mean GDP frequency (GDPs/min) during the 20 minute-long
application of CPCOOEt, n = 5. D) Bar chart showing the time course of mean GDP dura-
tion (ms) during the 20 minute-long application of CPCOOEt, n = 5 E) Scatter plot of mean
GDP frequency (GDPs/min) during the final 5 minutes of the control period and the final
5 minutes of the CPCOOEt application, n = 5, p = 0.0006 (paired t test). F) Scatter plot
of mean GDP duration (ms) during the final 5 minutes of the control period and the final 5
minutes of the CPCOOEt application, n = 5, p = 0.012 (paired t test). G) Bar chart showing
the time course of mean GDP frequency (GDPs/min) during the 20 minute-long application
of CPCOOEt and the 10 minute-long co-application of CPCOOEt with DHPG (2.5 µM), n
= 3.
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The dramatic reduction in GDP frequency following the application of CPCOOEt

may be due to the inhibition of mGluR1 or possibly to a non-specified action of

this drug on other targets (for example ion channels) directly or indirectly involved

in the generation of GDPs. YM 298198 is a potent mGluR1 antagonist (Kohara et

al., 2005) that can be used at the low concentration of 500 nM and is structurally

unrelated to CPCOOEt. YM 298198 was therefore used to differentiate between

the effect of mGluR1 inhibition and potential unspecific actions. YM 298198 was

applied to investigate the function of mGluR1 for the maintenance of spontaneous

early network activity in the hippocampal formation.

After the addition of YM 298198 there was no significant change in either the input

resistance (689 ± 108.4 to 488.4 ± 70 MΩ, n = 6, p = 0.26, paired t test) or mem-

brane potential (-49.4 ± 1.5 to -46 ± 2.7 mV, n = 6, p = 0.06, paired t test). When

YM 298198 was applied to hippocampal slices for 30 minutes it almost completely

abolishes events with an amplitude over 20 mV and burst events, plus significantly

reduces the frequency of events with an amplitude under 20mV by 65% in CA1

pyramidal neurons (figure 3.31 and 3.32). There was only minor changes in the

mean duration during the application of YM 298198 (figure 3.32), although this

measure became unreliable statistically due to the low number of events. While

CPCOOEt caused a significant increase in GDP duration in the first 5 minutes of its

application this pattern was not continued in event duration more specific and po-

tent mGluR1 antagonist YM 298198. Therefore mGluR1 is functionally expressed

in the neonatal hippocampus and its activation is important for basal levels of GDP
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activity.

Figure 3.31: A different, more potent mGluR1 antagonist, YM 298198, substantially
decreases the frequency of GDPs recorded from P5 CA1 pyramidal neurons. A) 10
second-long example traces from the control period. B) 10 second-long example traces
recorded during the 20 minute-long application of the mGluR1 antagonist YM 298198 (500
nM), scale bars are equal to 10 mV and 2 seconds and apply to all traces. C) Bar chart
showing the time course of mean total event frequency (events/min) during the 20 minute-
long application of YM 298198, n = 6. D) Bar chart showing the time course of mean
event frequency (events/min) with an amplitude of under 20 mV during the 20 minute-
long application of YM 298198, n = 6. E) Bar chart showing the time course of mean
event frequency (events/min) with an amplitude of over 20 mV during the 20 minute-long
application of YM 298198, n = 6. F) Bar chart showing the time course of mean burst event
frequency (events/min) during the 20 minute-long application of YM 298198, n = 6.
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Figure 3.32: YM 298198 has no effect on event duration, but significantly decreases
the frequency of GDPs recorded from P5 CA1 pyramidal neurons. A) Bar chart show-
ing the time course of mean event duration (ms) with an amplitude of under 20 mV during
the 20 minute-long application of YM 298198, n = 6. B) Bar chart showing the time course
of mean event duration (ms) with an amplitude of over 20 mV during the 20 minute-long
application of YM 298198, n = 6. C) Bar chart showing the time course of mean burst event
duration (ms) during the 20 minute-long application of YM 298198, n = 6 D) Aligned scat-
ter plot of mean event frequency (events/min) with an amplitude of under 20 mV during the
final 5 minutes of the control period and the final 5 minutes of the YM 298198 application,
n = 6, p = 0.002 (paired t test). E) Aligned scatter plot of mean event frequency (events/min)
with an amplitude of over 20 mV during the final 5 minutes of the control period and the
final 5 minutes of the YM 298198 application, n = 6, p = 0.03 (Wilcoxon signed rank test).
F) Aligned scatter plot of mean burst event frequency (events/min) during the final 5 min-
utes of the control period and the final 5 minutes of the YM 298198 application, n = 6, p =
0.035 (Wilcoxon signed rank test).
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3.3.4 The hippocampal circuity within the CA1 sub-region is

sufficient for the generation of GDPs in CA1 pyramidal

neurons

Mini-slices are hippocampal slices with the CA1 region separated from the CA3

region to isolate the CA1 sub-region from the rest of the hippocampal circuitry.

This preparation was used to ascertain whether the group 1 mGluRs responsible for

the tonic maintenance and increase in GDP frequency in CA1 pyramidal neurons

were located in the CA1 sub-region. First we investigated whether GDPs in the

isolated CA1 region differed from those measured in an intact hippocampal slice.

It has been reported that an isolated CA3 region can generate GDPs (Khazipov et

al., 1997; Garaschuk et al., 1998; Bolea et al., 1999), however Strata et al. (1997)

described that in a hippocampal slice with the hilus removed there were no GDPs

in the CA1 or CA3 regions.

There was no significant difference between the membrane potential of CA1 pyra-

midal neurons from intact (-50.6 ± 1 mV, n = 12) or mini-slices (-52.4 ± 1 mV,

n = 12, p = 0.21, t test) which would suggest that the general health of these cells

was not detrimentally affected by the procedure. The mean GDP frequency was not

significantly different in mini-slices compared to intact hippocampal slices (figure

3.33 C and D) but the mean GDP duration was significantly shorter (28%, from

172.5 ± 17.6 ms to 124.8 ± 6.8 ms, n = 12) in mini-slices (figure 3.33 E and F).

It can be concluded from these data that GDPs are still present within the isolated
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CA1 sub-region of hippocampal slices but the events are shorter in duration.

Figure 3.33: Separating the CA1 region from the dentate gyrus and CA3 region has no
effect on the frequency of GDPs but the mean duration is reduced. A) 10 second-long
example traces from a 10 minute-long recording of a CA1 pyramidal neuron in an intact
slice. B) 10 second-long example traces taken from a 10 minute-long recordings of a CA1
pyramidal neuron in a mini-slice, scale bars are equal to 10 mV and 2 seconds and apply to
all traces. C) Bar chart showing the time course of mean GDP frequency (GDPs/min) during
10 minute-long recording from both whole and mini-slices, n = 12, key applied to both C
and E. D) Scatter plot of mean GDP frequency (GDPs/min) during the final 5 minutes of
the recordings, n = 12, p = 0.31 (t test). E) Bar chart showing the time course of mean GDP
duration (ms) during 10 minute-long recordings from both whole and mini-slices, n = 12.
F) Scatter plot of mean GDP duration (ms) during the final 5 minutes of the recordings, n =
12, p = 0.019 (t test).



3.3. mGluRs and their functional role in the developing hippocampus 96

3.3.5 mGluR1 within the hippocampal CA1 sub-region is nec-

essary to maintain GDP activity in CA1 pyramidal neu-

rons

The mini-slice preparation was used to test whether the mGluR1 receptors respon-

sible for the previously seen effect on GDP frequency were located within the CA1

sub-region. There was no significant change seen in either passive membrane prop-

erties (table 3.1) or mean GDP duration recorded from CA1 pyramidal neurons dur-

ing the application of either DHPG or YM 298198 to mini-slices (figure 3.35).

Passive properties ACSF DHPG p value ACSF YM p value

Input resistance (MΩ) 1134.4 ± 202 1035.2 ± 226 0.56 1109.2 ± 249 963.3 ± 266.5 0.4
VRest (mV) -52.8 ± 1.7 -48.2 ± 2.4 0.09 -52.1 ± 1 -50.1 ± 2.4 0.4

Table 3.1: Passive properties of CA1 pyramidal neurons in mini-slices are not affected
by the application of either DHPG or YM 298198. Passive membrane properties of CA1
pyramidal neurons before and after the application of either DHPG (2.5 µM) or YM 298198
(500 nM), p values calculated using paired t test, both sets of data n = 6, mean ± SEM.
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Figure 3.34: The group 1 mGluRs in the CA1 sub-region affect the frequency of GDPs
recorded from P5 CA1 pyramidal neurons in hippocampal minislices. A) 10 second-
long example traces from the control period. B) 10 second-long example traces recorded
during the 10 minute-long application of DHPG (2.5 µM). C) 10 second-long example
traces recorded during the 25 minute-long application of YM 298198 (500 nM), scale bars
are equal to 10 mV and 2 seconds and apply to all traces. D) Bar chart showing the time
course of mean GDP frequency (GDPs/min) during a 10 minute long application of DHPG,
n = 6. E) Aligned scatter plot with bars indicating mean GDP frequency (GDPs/min) during
the final 5 minutes of the control period, the final 5 minutes of the DHPG application and the
final 5 minutes of the wash-out period, n = 6, p = 0.0005 (repeated measurement ANOVA,
Bonferroni’s post test). F) Bar chart showing the time course of mean GDP frequency
(GDPs/min) during the 30 minute-long application of YM 298198, n = 6. G) Aligned scatter
plot with bars indicating mean GDP frequency (GDPs/min) during the final 5 minutes of the
control period and the final 5 minutes of the YM 298198 application, n = 6, p = 0.011 (paired
t test).
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Figure 3.35: The group 1 mGluRs in the CA1 sub-region have no effect on the mean
duration of GDPs recorded from P5 CA1 pyramidal neurons in hippocampal minis-
lices. A) Bar chart showing the time course of mean GDP duration (ms) during a 10 minute
long application of DHPG (2.5 µM), n = 6. B) Aligned scatter plot with bars indicating
mean GDP duration (ms) during the final 5 minutes of the control period, the final 5 min-
utes of the DHPG application and the final 5 minutes of the wash-out period, n = 6, p = 0.15
(repeated measurement ANOVA, Bonferroni’s post test). C) Bar chart showing the time
course of mean GDP duration (ms) during the 25 minute-long application of YM 298198
(500 nM), n = 6. D) Aligned scatter plot with bars indicating mean GDP duration (ms)
during the final 5 minutes of the control period and the final 5 minutes of the YM 298198
application, n = 6, p = 0.61 (paired t test).

DHPG caused a 290% increase in mean GDP frequency (figure 3.34 D and E) from

2.8 ± 1.4 GDPs/min to 10.8 ± 0.7 GDPs/min (n = 6) when applied to the mini-

slices, which is similar to the 300.7% increase seen in intact hippocampal slices

(figure 3.26). A larger, transient increase in frequency within the first 5 minutes

of the DHPG addition to mini-slices was observed mainly in one cell, the other

neurons maintained a roughly 290% increase in mean GDP frequency for the whole

10 minute-long application. The mean GDP frequency during the final 5 minutes of
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the DHPG application in mini-slices (17 ± 9.4 GDPs/min, n = 6) was significantly

different from the frequency recorded from intact slices (39.1 ± 9 GDPs/min, n =

11, figure 3.36 B). While there is no significant difference between the mean GDP

frequency in intact hippocampal slices compared to mini-slices, there is a large

disparity in the GDP frequency baseline levels of these particular data sets, 9.6 ±

1.4 GDPs/min (n = 9) for intact slices and 2.8 ± 0.6 GDPs/min (n = 6) for mini-

slices (figure 3.36 A). Which may be a possible explanation for the smaller effect

of DHPG in mini-slices.

The mean GDP frequency decreased by 91.2% after application of YM 298198 to

mini-slices (figure 3.34, from 9.2 ± 2.1 GDPs/min to 0.8 ± 0.4 GDPs/min, n = 6),

comparable to the 96% reduction produced by YM 298198 in intact slices. However

YM 298198 had a much slower effect on GDP frequency in mini-slices (figure 3.36

C) but GDPs were still almost completely abolished by the end of the application.

The mean GDP frequency after 15 minutes of YM 298198 application in the intact

slices was not significantly different from that measured from CA1 pyramidal cells

25 minutes after the addition of YM 298198 to mini-slices (figure 3.36 D). From

these data it can be concluded that the mGluR1 in the P5 CA1 sub-region is required

for a basal level of GDP activity.
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Figure 3.36: mGluR1 is present in the CA1 sub-region but GDPs persist for a longer
period of time following the receptors inhibition when communication to the CA3 and
dentate gyrus is severed. A) Bar chart showing the time course of mean GDP frequency
(GDPs/min) during a 10 minute-long application of DHPG (2.5 µM) for both intact (n = 11)
and mini-slices (n = 6), key applies to both A and C. B) Scatter plot indicating mean GDP
frequency (GDPs/min) during the final 5 minutes of the DHPG application for intact (n =
11) and mini-slices (n = 6), p = 0.018 (Mann Whitney test). C) Bar chart showing the time
course of mean GDP frequency (GDPs/min) during the 30 minute-long application of YM
298198 (500 nM) for both intact (n = 6) and mini-slices (n = 6). D) Scatter plot indicating
mean GDP frequency (GDPs/min) during either the 15-20 minutes (intact) or 25-30 minutes
(mini-slice) of the YM 298198 application, n = 6, p = 0.34 (t test).
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3.3.6 Group 1 mGluRs do not affect the release of GABA or Glu-

tamate onto CA1 pyramidal neurons

Strata et al. (1995) have suggested that mGluRs can affect the release of GABA

in the neonatal hippocampus, therefore mGluR1 in the CA1 sub-region may affect

the GDP frequency by changing the probability or properties of spontaneous neu-

rotransmitter release onto CA1 pyramidal neurons. To investigate whether mGluR1

activation affected GABA release, GABA mPSCs were recorded from CA1 pyra-

midal neurons. The frequency, peak amplitude, coefficient of variation, rise time,

decay time and charge transfer of GABA mPSCs were not significantly affected by

either DHPG or YM 298198 (figure 3.37 and table 3.2). The currents were con-

firmed as GABA mPSCs using gabazine, which completely abolished the events

(figure 3.37 C). Therefore the reduction in GDP frequency caused by the antago-

nism of mGluR1 was not due to a change in the probability or characteristics of

spontaneous GABA release onto CA1 pyramidal neurons.

mPSC properties ACSF DHPG p value ACSF YM p value

Frequency (Hz) 0.1 ± 0.02 0.09 ± 0.02 0.6 0.07 ± 0.03 0.09 ± 0.04 0.1
Peak (pA) -35.9 ± 2.3 -35.1 ± 7 0.8 -25 ± 2.4 -24.8 ± 3.9 0.9
CV (amp.) 0.43 ± 0.03 0.51 ± 0.06 0.1 0.46 ± 0.04 0.37 ± 0.08 1
Rise time (ms) 1.7 ± 0.2 1.6 ± 0.3 0.5 4.7 ± 0.4 5.1 ± 0.6 0.2
τ decay (ms) 20.2 ± 0.8 18.4 ± 1 0.9 25.6 ± 0.9 35.2 ± 7.4 0.2
Charge (fC) 621 ± 49.1 610.8 ± 144.6 0.8 578 ± 67.8 1005.6 ± 368.6 0.4

Table 3.2: Properties of GABA mPSCs. Measured properties of GABA mPSCs before
and after the application of either DHPG (2.5 µM) or YM 298198 (500 nM), p values
calculated using paired t test. CV = coefficient of variation in amplitude. Both sets of data
n = 5, mean ± SEM.
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Figure 3.37: Group 1 mGluRs do not change the frequency of GABA miniature synap-
tic currents in P5 CA1 pyramidal neurons. A) Average traces of GABA mPSCs from
final 5 minutes of control period (black, 46 events) and the final 5 minutes of the DHPG
(2.5 µM) application (red, 48 events), scale bars indicate 5 pA and 50 ms and applies to
all traces. B) Average traces of GABA mPSCs from final 5 minutes of the control period
(black, 9 events) and the final 5 minutes of the YM 298198 (500 nM) application (red, 11
events). C) Aligned scatter plot with bars indicating mean mPSCs frequency (Hz) during
the final 5 minutes of the control period, the final 5 minutes of the application of DHPG and
the final 5 minutes the co-application of DHPG (n = 5) and Gbz (6 µM, n = 3). D) Aligned
scatter plot with bars indicating mean mPSCs frequency (Hz) during the final 5 minutes of
the control period and the final 5 minutes of the YM 298198 application, n = 5.
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The possibility of mGluR1 affecting release of glutamate onto CA1 pyramidal neu-

rons was investigated by recording AMPA mPSCs from these cells. The frequency,

peak amplitude, coefficient of variation, rise time, decay time and charge transfer

of AMPA mPSCs were not significantly affected by either DHPG or YM 298198

(figure 3.38 and table 3.3). The currents were confirmed as AMPA mPSCs using

NBQX, which completely abolished the currents (figure 3.38 C). From these data

it can be concluded that the effect of mGluR1 on GDP frequency was not due to a

change in the probability or characteristics of spontaneous glutamate release onto

CA1 pyramidal neurons.

mPSC properties ACSF DHPG p value ACSF YM p value

Frequency (Hz) 0.09 ± 0.06 0.09 ± 0.05 1* 0.08 ± 0.06 0.06 ± 0.03 0.5
Peak (pA) -20.3 ± 1.9 -19.6 ± 1.4 0.8 -21 ± 3.4 -15.1 ± 1 0.09
CV (amp.) 0.32 ± 0.06 0.29 ± 0.08 0.8 0.32 ± 0.09 0.33 ± 0.09 0.9
Rise time (ms) 1.8 ± 0.5 1.8 ± 0.4 1 3 ± 0.9 3.1 ± 0.5 0.7
τ decay (ms) 10.8 ± 1.8 14.9 ± 4.5 0.5 14.4 ± 1.5 13.4 ± 1.7 0.5
Charge (fC) 101.8 ± 12.8 104 ± 10.5 0.9 137.4 ± 24 90.3 ± 13.6 0.9

Table 3.3: Properties of AMPA mPSCs. Measure properties of AMPA mPSCs before and
after the application of either DHPG (2.5 µM) or YM 298198 (500 nM), p values calculated
using paired t test except if data was not normally distributed, then Mann Whitney test was
used (indicated by *). CV = coefficient of variation in amplitude. Both sets of data n = 5,
mean ± SEM.
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Figure 3.38: Group 1 mGluRs do not change the frequency of glutamate miniature
synaptic currents in P5 CA1 pyramidal neurons. A) Average traces of AMPA mPSCs
from the final 5 minutes of the control period (black, 147 events) and the final 5 minutes
of the DHPG (2.5 µM) application (red, 147 events), scale bars indicate 5 pA and 50 ms
and applies to all traces. B) Average traces of AMPA mPSCs from the final 5 minutes
of the control period (black, 37 events) and the final 5 minutes of the YM 298198 (500
nM) application (red, 36 events). C) Aligned scatter plot with bars indicating mean mPSCs
frequency (Hz) during the final 5 minutes of the control period, the final 5 minutes of the
DHPG application and the final 5 minutes of the co-application of DHPG (n = 5) and NBQX
(5 µM, n = 3). D) Aligned scatter plot with bars indicating mean mPSCs frequency (Hz)
during the final 5 minutes of the control period and the final 5 minutes of the YM 298198
application, n = 5.
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3.3.7 Ionotropic glutamate receptors are not required for group

1 mGluRs effect on GDPs

Metabotropic glutamate receptors have been shown to modify the currents produced

by NMDA receptors (Aniksztejn et al., 1992) and change the distribution of AMPA

receptors in hippocampal neurons (Xiao et al., 2001). In order to investigate if

the effect of DHPG on GDP frequency is due to downstream effects on ionotropic

glutamate receptors, NMDA and AMPA receptor antagonists were added to hip-

pocampal slices with DHPG. In the presence of NMDA receptor antagonists, AP5

and MK801, DHPG caused GDP frequency to increase by 218% in the last 5 min-

utes of its application (figure 3.40 A and B). The subsequent addition of DHPG

after the application of NBQX, an AMPA receptor antagonist, caused a 388.8%

rise in mean GDP frequency in the final 5 minutes (figure 3.40 C and D). GYKI

is an AMPA receptor antagonist, which also affects kainate receptors (Paternain et

al., 1995), and was used to investigate if these receptors played a role in mediating

the group 1 mGluRs effect on GDPs. The application of DHPG in the presence of

GYKI produced a 812.7% increase in mean GDP frequency in the last 5 minutes of

its addition (figure 3.40 E and F).
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There was no significant difference in the effect of DHPG in the presence of the glu-

tamate channel antagonists compared to DHPG alone (figure 3.39). There was also

no significant change in mean GDP duration during any of these experiments (fig-

ure 3.41). From these data it can be concluded that ionotropic glutamate receptors

are not required for the modulation of GDP frequency by group 1 mGluRs.

Figure 3.39: Group 1 mGluRs have a similar effect on GDP frequency in the presence
of glutamate antagonists. Scatter plot showing mean GDP frequency in CA1 pyramidal
neurons from the last 5 minutes of the application of either DHPG (2.5 µM), DHPG with
AP5 (50 µM) and MK801 (40 µM), DHPG with NBQX (5 µM) or DHPG with GYKI (50
µM), n = 5, p = 0.46 (repeated measurement ANOVA, Bonferroni’s post test).
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Figure 3.40: Ionotropic glutamate receptors are not required for group 1 mGluRs
effect on GDPs in P5 CA1 pyramidal neurons. A) Bar chart showing the time course of
mean GDP frequency (GDPs/min) during a 15 minute long co-application of AP5 (50 µM)
and MK801 (40 µM), the final 10 minutes also with DHPG (2.5 µM), n = 5. B) Aligned
scatter plot with bars indicating mean frequency (GDPs/min) during the final 5 minutes of
the control period, the 5 minutes of the AP5 and MK801 co-application, the final 5 minutes
of the co-application of AP5, MK801 plus DHPG and the final 5 minutes of the wash-out
period, n = 5, p = 0.0007 (repeated measurement ANOVA, Bonferroni’s post test). C) Bar
chart showing the time course of mean GDP frequency (GDPs/min) during the application
of NBQX (5 µM), the final 10 minutes also with DHPG, n = 5. D) Aligned scatter plot
with bars indicating mean frequency (GDPs/min) during the final 5 minutes of the control
period, the final 5 minutes of the NBQX application, the final 5 minutes of the NBQX
plus DHPG co-application and the final 5 minutes of the wash-out period, n = 5, p = 0.007
(repeated measurement ANOVA, Bonferroni’s post test). E) Bar chart showing the time
course of mean GDP frequency (GDPs/min) during a 15 minute long application of GYKI
(50 µM), the final 10 minutes also with DHPG (2.5 µM), n = 5. F) Aligned scatter plot
with bars indicating mean frequency (GDPs/min) during the final 5 minutes of the control
period, the 5 minutes of the GYKI application, the final 5 minutes of the co-application of
GYKI plus DHPG and the final 5 minutes of the wash-out period, n = 5, p = 0.013 (repeated
measurement ANOVA, Bonferroni’s post test).
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Figure 3.41: Ionotropic glutamate receptors and group 1 mGluRs have no effect on
the duration of GDPs in P5 CA1 pyramidal neurons. A) Bar chart showing the time
course of mean GDP duration (ms) during a 15 minute long co-application of AP5 (50 µM)
and MK801 (40 µM), the final 10 minutes also with DHPG (2.5 µM), n = 5. B) Aligned
scatter plot with bars indicating mean duration (ms) during the final 5 minutes of the control
period, the 5 minutes of the AP5 and MK801 co-application, the final 5 minutes of the co-
application of AP5, MK801 plus DHPG and the final 5 minutes of the wash-out period, n
= 5, p = 0.185 (repeated measurement ANOVA). C) Bar chart showing the time course of
mean GDP duration (ms) during the application of NBQX (5 µM), the final 10 minutes also
with DHPG, n = 5. D) Aligned scatter plot with bars indicating mean duration (ms) during
the final 5 minutes of the control period, the final 5 minutes of the NBQX application, the
final 5 minutes of the NBQX plus DHPG co-application and the final 5 minutes of the wash-
out period, n = 5, p = 0.275 (repeated measurement ANOVA, Bonferroni’s post test). E)
Bar chart showing the time course of mean GDP duration (ms) during a 15 minute long
application of GYKI (50 µM), the final 10 minutes also with DHPG (2.5 µM), n = 5. F)
Aligned scatter plot with bars indicating mean duration (ms) during the final 5 minutes of
the control period, the 5 minutes of the GYKI application, the final 5 minutes of the co-
application of GYKI plus DHPG and the final 5 minutes of the wash-out period, n = 5, p =
0.19 (repeated measurement ANOVA, Bonferroni’s post test).



Chapter 4

Discussion

GDPs are spontaneous network depolarisations present in the hippocampus

throughout the first 10 days of life, and the events measured here correlate well

with these previously reported events (Ben-Ari et al., 1989). The observation that

inhibiting GABAA receptors abolished GDPs (figure 3.6) agreed well with results

in other laboratories and our own (Ben-Ari et al. (1989), R. Bosurgi and M. Mad-

sen, unpublished data). It can therefore be inferred that the spontaneous events

observed within CA1 pyramidal cells were indeed GDPs rather than pathological

and epileptiform interictal activity (Traynelis and Dingledine, 1988).

The main conclusions about the neuromodulation of spontaneous network activity

in the neonatal hippocampus that can be drawn from this study include:

• NMDA and AMPA receptor activation increased GDP frequency in CA1

pyramidal neurons but inhibition only moderately reduced GDP frequency.
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• SK channels are functionally expressed in the P3 hippocampus and affect

GDPs.

• Group 1 mGluRs are functionally expressed in the neonatal hippocampus and

the activation of mGluR1 is necessary for GDPs in CA1 pyramidal neurons.

4.1 Giant depolarising in the neonatal hippocam-

pus

The passive membrane properties of neurons in general depend upon many features

of neuronal morphology and may vary in the neonatal hippocampus due to cell

growth and dendritic arborisation occurring at this developmental stage, we there-

fore investigated if these properties had any effect on GDPs. Tyzio et al. (1999) have

reported some variability in the morphology of CA1 neurons at P0 and a wide range

in the membrane capacitance (17.9 ± 0.8 to 43.2 ± 3.0 pF). We demonstrated here

there was no significant change in either the input resistance, membrane capacitance

or membrane potential of CA1 pyramidal neurons between the restrictive range of

P3 and P5 (figure 3.1), therefore any morphological changes occurring at this stage

in development do not alter the average passive membrane properties during this

small age range. Spigelman et al. (1992) do not report any significant changes in

passive membrane properties between these but it was hard to find other direct com-

parisons for these measurements over the restrictive range of P3 to P5. Nearly all

neurons in the hippocampus contain GDPs at the age of P5 (Ben-Ari et al., 1989)
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so this was chosen as an appropriate age to study the effects of receptors on this

spontaneous activity. It has been shown that while SK channels are expressed in the

neonatal hippocampus at the age of P3 (Ballesteros-Merino et al., 2014) that have

no effect on the IAHP (Cingolani et al., unpublished), it was therefore investigated if

SK channels had any physiological relevance at this age.

When the passive properties of input resistance, membrane capacitance and mem-

brane potential of CA1 pyramidal neurons were plotted against GDP frequency and

duration in these cells there was no correlation found (figure 3.4), this in line with

the model of GDPs acting as network events meaning that the properties of an indi-

vidual cell do not affect their frequency. The duration of GDPs could conceivably

vary due to postsynaptic properties and Spigelman et al. (1992) report that dura-

tion of elicited action potentials in P3-4 CA1 neurons was highly dependent on the

membrane potential, stating that the duration of action potentials increased follow-

ing depolarisation of resting membrane potential. However this is not supported by

the finding that changing the membrane potential of CA1 pyramidal neurons using

direct current had no significant effect on GDP frequency or duration in these cells

(figure 3.5), which is consistent with previous reports that membrane potential had

no effect on GDP properties (Ben-Ari et al., 1989). The mean GDP duration in-

creased substantially during the first five minutes of recording but stabilised after,

with many short events during the first few minutes (figure 3.2). This may be due to

the large amount of disruption caused to the neurons membrane during whole cell

formation, another interpretation would be dialysis of the intracellular matrix with



4.2. The role of ionotropic glutamate receptors in the initiation of GDPs 112

the contents of the microelectrode. However in a report where whole cell record-

ings were compared to gramicidin-perforated patch there was no change in GDP

characteristics (Mohajerani and Cherubini, 2005).

4.2 The role of ionotropic glutamate receptors in the

initiation of GDPs

Glutamate receptors are also thought to play a role in GDP generation and some

of the most important are the ionotropic glutamate receptors which are known to

modulate GDPs (Gaiarsa et al., 1990). The roughly 200-300% increase in GDP

frequency measured in CA1 pyramidal cells following the application of AMPA

and NMDA (figure 3.7 and 3.9) correlates well with the 325% rise in frequency

Gaiarsa et al. (1991) observed in CA3 cells after the addition of NMDA. It has

been suggested that these glutamate receptor agonists influence GDPs by exciting

GABAergic interneurons innervating the pyramidal cells, as application of AMPA

and NMDA did not cause a depolarisation of pyramidal cells and their effect on

GDPs can be blocked by bicuculline (Gaiarsa et al., 1991). This agrees with our

results that Gbz could still abolish GDPs in the presence of NMDA or AMPA (fig-

ure 3.7 and 3.9), and is supported by the finding that the majority of interneurons

in the CA1 region express GABAA, NMDA and AMPA receptors at P1, with most

interneurons receiving functional GABA and glutamate inputs at this age (Hennou

et al., 2002). When NMDA and AMPA were applied to hippocampal slices in this

study CA1 pyramidal neurons were depolarised, suggesting an activation of NMDA
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and AMPA receptors on CA1 pyramidal neurons were also involved in the increase

of GDP frequency observed, either synaptic or extrasynaptic. This is supported by

the finding that NMDA and AMPA receptors are expressed in the first postnatal

week in CA1 pyramidal neurons at synapses (Gasparini et al., 2000) and extrasy-

naptically (Petralia et al., 2010). It is likely then that AMPA and NMDA activate

receptors found throughout the hippocampus and increase excitation in the whole

network.

The peak effect of NMDA on GDP frequency was delayed compared to AMPA (fig-

ures 3.7 and 3.9), this may be due to the voltage dependent Mg2+ block of NMDA

receptors. Another explanation is that AMPA receptors are the most important

glutamatergic input for GDP initiation, as AMPA receptor antagonists completely

blocked GDPs in P0-12 CA3 pyramidal cells, compared to a NMDA receptor an-

tagonist which only caused a very slight depression (Gaiarsa et al., 1991; Bolea et

al., 1999). However the original paper, where GDPs were first characterised (Ben-

Ari et al., 1989), stated a NMDA receptor antagonist could almost completely block

GDPs in CA3 pyramidal neurons, and there are also other reports that NMDA is the

most important glutamatergic input for evoked GABA mediated excitation in the

neonatal hippocampus (Ben-Ari et al., 1997; Leinekugel et al., 1997; McLean et al.,

1995). The results shown here demonstrate that the application of either NMDA or

AMPA receptor antagonists had no effect on the frequency or duration of GDPs in

CA1 pyramidal neurons (figure 3.13 and 3.15).

Only when both NMDA and AMPA receptors were antagonised together was there
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a significant drop in burst event frequency (figure 3.11), which is similar to re-

sults reported previously of evoked neuronal activity in neonatal CA3 pyramidal

neurons (Leinekugel et al., 1997). While neither AMPA nor NMDA receptors are

individually required for GDPs in CA1 pyramidal neurons, when both receptors are

inhibited there is likely to be a reduction in excitability throughout the whole hip-

pocampus, which is a possible explanation for fall in GDP frequency. These results

would appear to indicate that the glutamatergic drive of GDPs can be completed

by either NMDA or AMPA receptors, and when both of these ionotropic glutamate

receptors are inhibited there is a drop in excitability over the whole hippocampus,

reducing the frequency of GDPs in CA1 pyramidal neurons.

Reporting of the effect of ionotropic glutamate receptor antagonists can be incon-

sistent, while Ben-Ari et al. (1989) state that an NMDA antagonist (AP5 50 µM) re-

duces GDP frequency by 80% in P5 CA3 neurons Gaiarsa et al. (1991) present that

the same antagonist has no effect on P0-12 CA3 neurons. Bolea et al. (1999) show

that AP5 has little to no effect on P1-6 CA3 pyramidal neurons which agrre well

with the results presented here (figure 3.13). This variability in response may be

due to the fact that GABA synapses develop first and there is a mixture of fully de-

veloped or not glutamatergic synapses within the neonatal hippocampus (Ben-Ari,

2002). A further disparity is shown by different glutamate receptors importance

in other tissues, AMPA receptors have been shown to become functional before

NMDA receptors in retinal ganglion cells (Sernagor and Grzywacz, 1999).

From these data it can be concluded NMDA and AMPA receptor activation can in-
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crease GDP frequency in CA1 pyramidal neurons but they are not required for the

initiation of these spontaneous events, which is contrary to other reports (Ben-Ari

et al., 1989; Gaiarsa et al., 1991; Leinekugel et al., 1997; Bolea et al., 1999) which

in some way suggest at least one of the glutamate receptors are essential for GDPs.

For future experiments it would be interesting to determine the location of the gluta-

mate channels affecting the frequency of GDPs in CA1 pyramidal neurons, first by

utilising the mini-slice preparation then ultimately using either; localised applica-

tions of NMDA and AMPA or photo-uncaging of these agonists to test whether the

glutamate receptors in interneurons or pyramidal cells have the most effect.

4.3 SK channels are functionally expressed in the P3

hippocampus

The IAHP is a Ca2+-activated K+ current found in CA1 pyramidal neurons, it is im-

portant for spike frequency adaptation and is completely blocked by apamin, which

inhibits SK1, SK2 and SK3 channels with different affinities (Köhler et al., 1996;

Stocker et al., 1999; Vogalis et al., 2003; Stocker et al., 2004). From P6 the SK

mediated IAHP, generated by membrane depolarisation, could be reliably observed

in CA1 pyramidal neurons but not earlier (Cingolani et al, unpublished), however

SK channel mRNA is expressed from before birth in the CA1 (Gymnopoulos et al.,

2014) and SK2 and 3 channels can be detected from P0 in the mouse hippocam-

pus using monoclonal antibodies (Ballesteros-Merino et al., 2012; 2014). However

the standard method of membrane depolarisation was not able to elicit an IAHP be-
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fore P6 in CA1 pyramidal neurons, only after an enhancer of SK channel activity,

EBIO, was applied was an IAHP current induced within P3 CA1 pyramidal neu-

rons (Cingolani et al., unpublished). As the SK mediated IAHP cannot be observed

at P3 without pharmacological intervention, we investigated whether SK channels

could be activated by GDPs and play a role in the modulation of these spontaneous

events.

Apamin significantly increased the duration of events in CA1 pyramidal neurons

(figure 3.16) and depolarised the membrane potential (figure 3.18). This result was

mirrored by the effect of the SK channel enhancer NS309, which significantly hy-

perpolarised the membrane potential (figure 3.25) and reduced event frequency (fig-

ure 3.23). EBIO, and to some extent NS309, caused such a dramatic reduction in

GDP frequency that an effect on their duration could not be established due to the

small number of events (figure 3.21) but it did significantly hyperpolarise the mem-

brane potential (figure 3.22). EBIO has also been suggested to have a “silencing”

effect in juvenile rodent neurons, producing prolonged periods of no activity in

GABAergic substantia nigra cells (Yanovsky et al., 2006), which is similar to the

reduction in GDP frequency seen here. From these data it can be concluded that SK

channels are indeed functionally expressed within the neonatal hippocampus and

affect GDPs, which is the physiologically relevant activity at this age. Other potas-

sium currents have been shown to play a role in GDP termination, including the

slow Ca2+-activated K+ current (sIAHP, not SK mediated) and the M-current (Sipilä

et al., 2006a; Safiulina et al., 2008), from the data shown here it would seem that
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SK channels are also important and a few potassium channels are involved in GDP

modulation.

The effect of SK channels reducing GDP duration following activation is similar

to the role proposed for these channels in terminating bursts of action potentials in

adult neurons (Stocker et al., 1999; Pedarzani and Stocker, 2008). While positive

enhancers of SK channels decreased GDP frequency in CA1 pyramidal neurons, an

inhibitor of SK channels (apamin) did not have the opposite effect. This may be

due to the fact that GDPs are network events and as SK channels inhibition did not

excite cells across the network GDP frequency did not increase. Positive modulators

of SK channels, such as EBIO, may have a silencing effect on GABAergic neurons

(Yanovsky et al., 2006), therefore when SK channels are more active it may suppress

the release of GABA (essential for GDPs) from interneurons. This is supported

by the finding that SK channels are highly expressed within interneurons (Sailer

et al., 2002; 2004; Gymnopoulos et al., 2014). To investigate this possibility the

effect of SK channel inhibitors and positive modulators on neonatal hippocampal

interneurons could be measured, and it could be established whether these same SK

channel modulators changed the frequency or properties of GABA release onto CA1

pyramidal neurons at the same age. This would also help to establish whether the

observed effect of SK channels here is due to physiological role in GDP generation

or a general change in excitability.

It is interesting to note that in this study apamin caused a depolarisation of CA1

pyramidal neurons, while EBIO and NS309 hyperpolarised these neurons at P3.
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However, these same toxins and drugs did not change the membrane potential of

these cells in P18-30 rats (Stocker et al., 1999; Pedarzani et al., 2005). This sug-

gests that SK channels may be involved with regulating the membrane potential of

P3 pyramidal neurons and can be activated by resting concentrations of calcium,

or possibly calcium influx generated during GDPs (Leinekugel et al., 1995). This

change in the ability of SK channel inhibitors and modulators to affect the mem-

brane potential may be due to a lack of spontaneous activity in the mature neurons

(Ben-Ari et al., 1989) or different calcium buffering capacity at P3 compared with

young adults (Blatow et al., 2003).

There is a large calcium influx during GDPs, and NMDA receptors are important

for this increase in intracellular calcium (Leinekugel et al., 1995; 1997). There

have also been reports that calcium influx through NMDA receptors can activate

SK channels in neurons (Faber et al., 2005; Ngo-Anh et al., 2005). When NMDA

receptors were antagonised, using both AP5 and MK801, apamin still had a sig-

nificant effect on GDP duration (figure 3.19) and the membrane potential (figure

3.20), therefore it can be concluded that NMDA receptors are not required for the

SK channel effect on GDPs.
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4.4 The modulation of GDPs in the CA1 region by

group 1 mGluRs

In this report we demonstrate that the activation of group 1 mGluRs causes a dra-

matic increase in GDP frequency within CA1 pyramidal neurons, and mGluR5 is

responsible for a large and sustained portion of this activity. It is also shown that

mGluR1 activation in the CA1 region is essential for GDPs in CA1 pyramidal neu-

rons, and this effect is not mediated by a change in neurotransmitter release and has

no downstream effect on ionotropic glutamate receptors.

It is thought that group 1 mGluRs are involved in both long-term depression (LTD)

and potentiation (LTP) within the adult brain. There is however evidence for a de-

velopmental switch in function, with mGluRs only causing a decrease in AMPA

receptor expression after around P21 (Nosyreva and Huber, 2005). In-situ hybridi-

sation and immunocytochemistry show that mGlur1 and mGluR5 are differentially

regulated in the neonatal hippocampus. mGlur1 mRNA is only expressed in very

low amounts within the CA1 region at P5 (mainly non-pyramidal neurons), with

slightly more in the CA3 region and dentate gyrus (mostly in pyramidal cells).

mGluR1 expression then increases throughout postnatal development (Shigemoto

et al., 1992). Whereas mGluR5 mRNA and protein are highly expressed from birth

in pyramidal cells throughout the hippocampus (Catania et al., 1994; López-Bendito

et al., 2002). It has been reported that both group 1 and/or 2 mGluRs could increase

the frequency of GDPs in CA3 neurons, perhaps by promoting the release of GABA
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by a cAMP-dependent protein kinase pathway (Strata et al., 1995).

As group 1 mGluRs are both expressed (to different degrees) in the CA1 region

it was investigated whether these receptors could affect GDPs in CA1 pyramidal

neurons. When the group 1 mGluR agonist DHPG was applied to hippocampal

slices the frequency of GDPs increased dramatically (figure 3.26). This result is

supported by the finding that group 1 mGluRs can induce calcium influx within

CA1 neonatal interneurons (Taketo and Matsuda, 2010), which may increase the

excitability of these cells. This correlated well with the findings of Mannaioni et al.

(2001) that mGluR1 is important for the activity of interneurons in the CA1 region

of juvenile rats. While mGluR1 has lower expression than mGluR5 in the neonatal

hippocampus Taketo and Matsuda (2010) reported that mGluR1 was more impor-

tant than mGluR5 for calcium influx. It has also been demonstrated that mGluR1 is

only expressed in non-pyramidal neurons (possibly interneurons) whereas mGluR5

is found in both pyramidal and non-pyramidal neurons in the adult hippocampus

(López-Bendito et al., 2002). As group 1 mGluR receptors appear to be differen-

tially expressed in the neonatal hippocampus, and mGluR1 may be important for

the excitability of interneurons, we investigated which receptor was more impor-

tant for the effect of DHPG on GDPs in CA1 pyramidal neurons by applying the

respective antagonists of mGluR1 and 5 with DHPG.

When mGluR5 is inhibited (figure 3.28) it can be seen that DHPG does not have

as large or as sustained an effect. From which it can be concluded that mGluR5

is functionally expressed in the neonatal hippocampus and has a strong and lasting
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effect on GDP frequency in CA1 pyramidal cells when activated. The inhibition

of mGluR1 was followed by a gradual decline in GDP frequency until they were

nearly completely abolished (figure 3.30 and 3.31) therefore it can be concluded

that mGluR1 activation in the neonatal hippocampus is essential for GDPs in CA1

pyramidal neurons. The finding that the activation of mGluR1 is required for GDPs

in CA1 pyramidal neurons is corroborated by the results from Taketo and Matsuda

(2010), who report that in the neonatal hippocampus CPCOOEt could reduce the

basal amplitude of spontaneous GABAergic activity recorded from CA3 pyramidal

neurons.

The fact that mGluR1 activation is required for GDPs in CA1 raises the question

of how the receptors are kept active in normal conditions. While mGluRs have

a lower affinity for glutamate than ionotropic receptors (Schoepp et al., 1990),

it is possible that extrasynaptic mGluR1 is binding tonically released glutamate.

This is supported by the finding that neurons in the neonatal (P3-6) CA1 region

of the hippocampus are excited by ambient glutamate release into the extracellular

space (Lauri et al., 2006). It has also been demonstrated that mGluR1 can be de-

tected using immunogold particles both perisynaptically at putative glutamatergic

synapses and extrasynaptically in the neonatal hippocampus (López-Bendito et al.,

2002).

In order to locate where in the neonatal hippocampus the mGluR1 important for

GDP activity was located the mini-slice preparation was utilised. There was no sig-

nificant difference in the frequency of GDPs present in whole or mini-slices (figure
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3.33), which is supported by the finding that GDPs and calcium influxes associated

with GDPs are present in isolated CA1 sub-regions (Menendez de la Prida et al.,

1998; Garaschuk et al., 1998). There was however a slight but significant decrease

in mean GDP duration in mini-slices compared to whole hippocampal slices, this

may be due to a loss in some of the connections controlling the period of GDP

activity.

The activation of group 1 mGluRs and inhibition of mGluR1 had a similar effect in

mini-slices as it did in whole hippocampal slices (figure 3.34). From these data it

can be concluded that mGluR1 in the CA1 sub-region is essential for GDP activity

in CA1 pyramidal neurons. However, when analysed further it is apparent inhibit-

ing mGluR1 has a slower effect on GDP frequency in mini-slices, even though there

was no significant difference in the final reduction in GDP frequency (figure 3.36).

A possible explanation is that the inhibition of mGluR1 reduces activity in the hip-

pocampal network within whole slices and CA1 pyramidal neurons respond to this,

whereas the slower effect of inhibiting mGluR1 in mini-slices may be due to the

fact that the CA1 sub-region is separated from the hub neurons located in the CA3

region which can act as pacemaker (Bonifazi et al., 2009).

There have been suggestions that mGluRs may act presynaptically to affect GABA

release (Strata et al., 1995), therefore it was investigated whether mGluR1 may af-

fect GDP frequency by changing the frequency or characteristics of neurotransmit-

ter release onto CA1 pyramidal neurons. Neither the activation of group 1 mGluRs

nor the inhibition of mGluR1 had any effect on the release of glutamate or GABA
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onto CA1 pyramidal neurons (figure 3.37 and 3.38), therefore mGluR1 does not act

presynaptically to affect the frequency of GDPs.

Metabotropic glutamate receptors have been reported to have a strong effect on

ionotropic glutamate receptors and their currents (Aniksztejn et al., 1992; Xiao et

al., 2001). Using antagonists for NMDA and AMPA receptors, added separately, in

addition to DHPG it was tested whether these receptors were important for group

1 mGluRs’ effect on GDPs. During these experiments there was no significant

change in mean GDP frequency or duration after the inhibition of either NMDA or

AMPA receptors (figure 3.40 and 3.41) and no significant difference in the effect

of activating group 1 mGluRs on GDP frequency (figure 3.39). It can therefore be

concluded that ionotropic glutamate receptors are not required for group 1 mGluRs’

effect on GDP frequency in CA1 pyramidal neurons.
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Figure 4.1: Model of CA1 circuit in mini-slice. SC = Schaffer Collateral, IN = Interneu-
ron, PC = Pyramidal Cell.

From the results presented here it is clear that the mGluR1 receptors responsible

the drop in GDP frequency seen are present in the CA1 (the layout of this region

can be seen in figure 4.1). As mGluR1 receptor antagonist and antagonist had no

effect on miniature events the drop in GDP frequency is not caused by a change

in neurotransmitter release, however these receptors could still have a pre-synaptic

effect by reducing excitability. Is is also possible that mGluR1 receptors effect

of GDP frequency is mediated by a post synaptic effect on the pyramidal cells,

however the lack of impact on passive membrane properties would argue against

this.

In order to investigate the role of activation of group 1 mGluRs, specifically
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mGluR1, on GDP activity in the CA1 region of the neonatal hippocampus it would

be interesting to measure the effect of these receptors on interneurons’ activity and

excitability. While recording from interneurons in the CA1 region, group 1 mGluRs

could be activated and/or mGluR1 inhibited and any change in spontaneous events

or passive membrane properties measured. This would help to identify if these re-

ceptors have a presynaptic effect on GDP frequency by reducing excitability.

Overall this thesis demonstrates an important duty for NMDA and AMPA recep-

tors in exciting neurons within the neonatal hippocampus but they are not required

for GDPs in CA1 pyramidal neurons. SK channels have also been revealed to be

functionally expressed in the P3 hippocampus and may play a significant role in

the modulation of GDPs. The activation of mGluR1 has been shown to be essential

for GDP activity in CA1 pyramidal neurons, but the method of action or source

of glutamate for these tonically active receptors is not known. These results give

insight into the modulation of spontaneous network activity present in the neona-

tal hippocampus and may be important for the study of neuronal development and

pathologies occurring at this young age. As these receptors have a large impact

on GDPs in the neonatal hippocampus, controlling the activity in this developing

brain region, the result presented here may have important implications in treating

epilepsy (Cherubini et al., 2011).
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Gasparini F, Lingenhöhl K, Stoehr N (1999) 2-Methyl-6-(phenylethynyl)-pyridine (MPEP), a potent,
selective and systemically active mGlu5 receptor antagonist. Neuropharmacology 38:1493–1503.

Gasparini S, Saviane C, Voronin LL, Cherubini E (2000) Silent synapses in the developing hip-
pocampus: lack of functional AMPA receptors or low probability of glutamate release? Proceed-
ings of the National Academy of Sciences of the United States of America 97:9741–6.

Glykys J, Dzhala V, Egawa K, Balena T, Saponjian Y, Kuchibhotla KV, Bacskai BJ, Kahle KT,
Zeuthen T, Staley KJ (2014a) Local impermeant anions establish the neuronal chloride concen-
tration. Science (New York, N.Y.) 343:670–5.

Glykys J, Dzhala V, Egawa K, Balena T, Saponjian Y, Kuchibhotla KV, Bacskai BJ, Kahle KT,
Zeuthen T, Staley KJ (2014b) Response to Comments on ”Local impermeant anions establish the
neuronal chloride concentration”. Science 345:1130–1130.



BIBLIOGRAPHY 130

Glykys J, Mann EO, Mody I (2008) Which GABA(A) receptor subunits are necessary for tonic
inhibition in the hippocampus? The Journal of neuroscience : the official journal of the Society
for Neuroscience 28:1421–6.

Gonzalez-Islas C, Chub N, Garcia-Bereguiain MA, Wenner P (2010) GABAergic synaptic scaling
in embryonic motoneurons is mediated by a shift in the chloride reversal potential. Journal of
Neuroscience 30:13016–13020.

Gozlan H, Ben-Ari Y (2003) Interneurons are the source and the targets of the first synapses formed
in the rat developing hippocampal circuit. Cerebral cortex (New York, N.Y. : 1991) 13:684–92.

Gymnopoulos M, Cingolani La, Pedarzani P, Stocker M (2014) Developmental mapping of small-
conductance calcium-activated potassium channel expression in the rat nervous system. The
Journal of comparative neurology 522:1072–101.
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Lauri SE, Vesikansa A, Segerstråle M, Collingridge GL, Isaac JTR, Taira T (2006) Functional
maturation of CA1 synapses involves activity-dependent loss of tonic kainate receptor-mediated
inhibition of glutamate release. Neuron 50:415–29.

Laurie D, Wisden W, Seeburg P (1992) The distribution of thirteen GABAA receptor subunit mR-
NAs in the rat brain. III. Embryonic and postnatal development. The Journal of neuroscience 12.

Leinekugel X, Medina I, Khalilov I, Ben-Ari Y, Khazipov R (1997) Ca2+ oscillations mediated by
the synergistic excitatory actions of GABA(A) and NMDA receptors in the neonatal hippocam-
pus. Neuron 18:243–55.

Leinekugel X, Tseeb V, Ben-Ari Y, Bregestovski P (1995) Synaptic GABAA activation induces
Ca2+ rise in pyramidal cells and interneurons from rat neonatal hippocampal slices. The Journal
of physiology 487 ( Pt 2:319–29.

Leinekugel X, Khalilov I, Ben-Ari Y, Khazipov R (1998) Giant depolarizing potentials: the sep-
tal pole of the hippocampus paces the activity of the developing intact septohippocampal com-
plex in vitro. The Journal of neuroscience : the official journal of the Society for Neuro-
science 18:6349–57.

Leinekugel X, Khazipov R, Cannon R (2002) Correlated bursts of activity in the neonatal hippocam-
pus in vivo. Science 2049.
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