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Kainate receptors and rhythmic activity in neuronal
networks: hippocampal gamma oscillations as a tool

André Fisahn

Department of Neuroscience, Karolinska Institute, 17177 Stockholm, Sweden

Rhythmic electrical activity is ubiquitous in neuronal networks of the brain and is implicated
in a multitude of different processes. A prominent example in the healthy brain is electrical
oscillations in the gamma-frequency band (20-80 Hz) in hippocampal and neocortical
networks, which play an important role in learning, memory and cognition. An example
in the pathological brain is electrographic seizures observed in certain types of epilepsy.
Interestingly the activation of kainate receptors (KARs) plays an important role in synaptic
physiology and plasticity, and can generate both gamma oscillations and electrographic
seizures. Electrophysiological recordings of extracellular gamma oscillations and intracellular
currents in a hippocampal slice combined with computer modelling can shed light on the
expression loci of KAR subunits on single neurones and the distinct roles subunits play in
rhythmic activity in the healthy and the pathologicalal brain. Using this approach in wild-type
(WT) and KAR knockout mice it has been shown that KAR subunits GluR5 and GluR6 have
similar functions during gamma oscillations and epileptiform bursts and that small changes in
the overall activity in the hippocampal area CA3 can tilt the balance between excitation and
inhibition and cause the neuronal network to switch from gamma oscillations to epileptiform

bursts.
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Gamma oscillations in the in vitro hippocampus

Over the last decade or so the investigation of
gamma oscillations in in vitro slice preparations of the
hippocampus and neocortex has intensified. This has
been largely due to the discovery of suitable induction
protocols for this rhythmic activity. Generally two
induction methods can be distinguished: (1) induction by
electrical stimulation, which generates transient episodes
of gamma oscillations (Traub et al. 1996; Whittington
et al. 1997) and (2) induction by chemically activating
muscarinic receptors (Fisahn et al. 1998), group I
metabotropic glutamate receptors (Fisahn, 1999) or
kainate receptors (KARs) (Buhl et al. 1998; Fisahn,
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1999; Hormuzdi et al. 2001), which results in the
generation of the sustained gamma oscillations reported
on here. All of these induction protocols target receptor
families whose activation leads to an increased excitation
of pyramidal neurones and/or interneurones. Genetic
deletion of a receptor subtype contributing to the
excitation of pyramidal neurones and/or interneurones
prevents induction of gamma oscillations by agonists of
that receptor family (Fisahn et al. 2002, 2004). However,
because of the redundancy of largely excitatory receptor
families gamma oscillations in hippocampal slices of
those knockout mice can still be induced by agonists of
one of the other receptor families (Fisahn et al. 2002, 2004).
In contrast, all induction protocols for gamma oscillations
crucially depend on intact inhibitory neurotransmission.
Hence altering the time course of inhibitory events leads
to alterations in the oscillation frequency (Wilson & Bower,
1992; Whittington et al. 1995; Traub et al. 1996; Fisahn et al.
1998, 2004) and blocking GABA,Rs results in the loss of
rhythmic activity (Buhl et al. 1998; Fisahn et al. 1998, 2002,
2004; Fisahn, 1999).
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Kainate receptors

Amongst pharmacological induction protocols for
gamma oscillations the activation of KARs is especially
interesting. Firstly, activation of KARs induces not only
gamma oscillations in hippocampal and neocortical slice
preparations but also epileptogenic bursts, and kainate
injection has long been used as an animal model for
epileptogenesis (Nadler, 1981; Ben-Ari, 1985; Ben-Ari &
Cossart, 2000). Since both disrupted or altered gamma
oscillations (Ribary et al. 1991) as well as some types
of epilepsy (Prince, 1978) are implicated in learning and
memory deficits as well as cognitive decline (Teitelbaum
et al. 1990; Viskontas et al. 2000), questions arise
about possible common mechanisms underlying the
oscillogenic and epileptogenic effects of KAR activation.
Secondly, KARs have long been the little-thought-of
small brother of AMPARs and NMDARs. Only in
recent years has the investigation of their role in
synaptic and network function intensified. But the
roles of specific KAR subunits in generating rhythmic
activity in neuronal networks are only beginning to
emerge.

Kainate receptors are widely expressed in the
hippocampal formation, with the five subunits (GluR5-7,
KA1-2) being expressed in distinct patterns in different
areas of the hippocampus (Wisden & Seeburg, 1993;
Bureau ef al. 1999). Functional KARs are expressed at
both presynaptic and postsynaptic sites and their
activation has a multitude of effects (Chittajallu et al.
1996; Castillo et al. 1997; Clarke et al. 1997; Rodriguez-
Moreno et al. 1997, 2000; Vignes & Collingridge, 1997;
Cossart et al. 1998, 2001; Frerking et al. 1998, 1999;
Contractor et al. 2000, 2001; Schmitz et al. 2000, 2001;
Semyanov & Kullmann, 2001; for review see Lerma et al.
2001; Lerma, 2003). KAR antagonists prevent induction
of mossy fibre LTP (Bortolotto et al. 1999), which is
considered important for learning and memory (Muller
et al. 2002). The distinct distribution pattern of KAR
subunits strongly suggests that KARs fulfil different
roles in the neuronal network that depend on their
localization. However knowledge about expression loci
of KAR subunits within single neurones is sparse, owing
to the lack of sufficiently specific antibodies. Equally
limited is our understanding of the role of the different
KAR subunits in synaptic and network function, both
in the healthy brain (i.e. gamma oscillations) and the
pathological brain (epileptiform bursts). In the absence
of specific histological labelling tools electrophysiological
recordings of kainate-induced gamma oscillations and
synaptic currents in wild-type (WT) and KAR knockout
mice (GluR5~/~ (Mulle et al. 2000), GluR6~/~ (Mulle et al.
1998), GluR7~/~, KA2~/~ (Contractor et al. 2003)) can
yield information about KAR subunit expression on single
neurones.
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KAR knockout mice: gamma oscillations and epilepsy

Activation of KARs induces gamma oscillations in the
CA3 area of WT (Fig. 1A and D) as well as GluR7~/~
and KA2~/~ hippocampal slices. Increasing doses of KAR
agonist eventually lead to a breakdown of the oscillation
pressumably due to depolarization block of pyramidal
neurones. In GluR5~/~ KARs are activated and induce
gamma oscillations of comparable power by much lower
agonist concentrations and further increase of agonist
concentration leads to epileptiform bursts (Fig. 1B and
D). In contrast, in GluR6~/~ KAR agonists fail to induce
either gamma oscillations or epileptiform bursts (Fig. 1C
and D). Gamma oscillations induced by KAR activation
do not depend on NMDARs, mGluRs or AMPARs
(Fig.3B) but on KARs and GABA,Rs (Fisahn et al.
2004).

Direct support for the involvement of KARs in status
epilepticus comes from studies on KAR knockout mice
and human studies. GluR6~/~ mice are less susceptible
to seizures following kainate injections than WT mice
(Mulle et al. 1998). In addition GluR5 mRNA levels
are decreased in patients suffering from temporal lobe
epilepsy (Mathern ef al. 1998) and activation of
GluR5-containing receptors can reduce the propagation
of seizures (Khalilov et al. 2002). The results by Mulle
et al. (1998) and Khalilov et al. (2002) mesh with the
gamma oscillation phenotype of the GluR6™/~ and
GIuR57/~ hippocampal network. Taken together these
in vitro gamma oscillation and in vivo status epilepticus
argue for a common network mechanism underlying
both rhythmic activities. Another common factor
between gamma oscillations and status epilepticus
is the importance of recurrent connectivity in
hippocampal area CA3. Gamma oscillations are
generated in area CA3 but not CA1, which lacks recurrent
connectivity (Fisahn, 1999), and the high level of KAR
expression in area CA3 (Wisden & Seeburg, 1993; Bureau
et al. 1999) as well as its inherent recurrent connectivity
render this region especially sensitive to the epileptogenic
and neurotoxic effects of kainate (Westbrook & Lothman,
1983).

From the above results alone we can already conclude
that the KAR subunit GluR6 is involved in mediating
kainate-induced excitation in the hippocampal network.
If this subunit is lacking, KAR activation fails to
generate gamma oscillations in the slice preparation
and kainate-injected mice are less likely to develop
electrographic seizures. In contrast the GluR5 subunit
may be involved in setting the level of inhibition
within the network. If it is missing, kainate-induced
excitation mediated by other KARs results in unchecked
depolarization of pyramidal neurones. This activity could
overpower its lessened inhibitory restraints and lead to
electrographic seizures.
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KAR knockout mice: cellular and synaptic currents

Activation of KARs causes inward currents and hence
depolarization and increase in action potential firing
in pyramidal neurones and interneurones in WT and
GluR5/~ but not GluR6/~ (Fisahn et al. 2004)
(Fig. 2A). Interestingly the kainate-induced depolarization
and concomitant increase in action potential firing
in GluR5~/~ interneurones is significantly larger than
observed in WT (Fisahn et al. 2004) (Fig. 2A). It is possible
that GluR5-containing KARs play a role in promoting
spontaneous GABA release from interneurones as
previously described (Semyanov & Kullmann, 2001). A
lack of GluR5 would result in reduced GABA release
and a decrease in hippocampal inhibitory tone permitting
a greater depolarization by excitatory afferents. This
appears to be the «case since partial block of
inhibitory neurotransmission in WT results in increased
depolarization and action potential firing in WT inter-
neurones (Fisahn ef al. 2004) (Fig. 2A). Taken together,
these data suggest that KARs containing the GluR6 but
not the GluR5 subunit, are essential for the depolarization
and increased excitability of pyramidal cells and inter-
neurones, and highlight a role for GluR5 receptors in
regulating the inhibitory tone of the local circuit as
mediated by interneurones.

Activation of KARs leads to a significant increase of
sIPSC amplitude and frequency in WT and GluR5~/~ but
not GluR6™/~ pyramidal neurones (Fisahn et al. 2004)
(Fig. 2B). The absence of sIPSC changes in GluR6~/~
again points towards a location of the GluR6 subunit
with maximum influence on action potential generation,
i.e. the cell soma. It is interesting to note that the
reported basal level of IPSC amplitude and frequency is
significantly lower in GluR5~/~ compared to WT (Fisahn
et al. 2004) (Fig.2B). This could indicate a lowered
excitability in the inhibitory axonal network and a
resulting lowered efficacy of GABAergic synapses as
recently described by Jiang ef al. (2001). Unlike sIPSC
amplitude and frequency, action potential-independent
transmitter release (mIPSC) is not affected by KAR
activation (Cossart et al. 1998; Frerking et al. 1998,
1999; Semyanov & Kullmann, 2001; Fisahn et al. 2004;
but see Rodriguez-Moreno et al. 1997). This argues
against an expression of KARs, possibly containing
the GIuR5 subunit, directly on the terminal of
interneurone-to-pyramidal neurone synapses.

Several studies of KAR physiology have indicated
that their activation increases sIPSC frequency while
decreasing eIPSC amplitude (Rodriguez-Moreno et al.
1997; Cossart et al. 1998; Frerking et al. 1998, 1999).
Explanations to resolve this apparent contradiction
include direct actions of KAR agonists on GABA release
via presynaptic KARs (Rodriguez-Moreno et al. 1997;
Rodriguez-Moreno & Lerma, 1998), or a kainate-induced
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increase in GABA release, which acts on both pre- and
postsynaptic GABARs (Frerking et al. 1998, 1999; Fisahn
et al. 2004). In the latter scenario both presynaptic
GABAgRs and postsynaptic GABAARs are activated,
which subsequently depress further GABA release and
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Figure 1. Kainate-induced gamma oscillations are disrupted in
GluR6~/~ but not GIuR5~/~ hippocampal slices

A, example traces of extracellular field recordings in the CA3 area. In
WT slices no rhythmic network activity is seen in control conditions (no
drug; black line). Bath application of kainate induces gamma
oscillations (red line). Increasing the kainate concentration leads to a
breakdown of gamma oscillations (blue line). Power spectra of the
recorded traces are shown below. B, in GIUR5~/~ slices maximal
amplitude gamma oscillations are induced by much lower
concentrations of kainate compared to WT (red line). Increasing the
kainate concentration leads to the occurrence of epileptiform burst
activity (500 wV scale bar applies only to 150 nm kainate trace). Power
spectra of the recorded traces are shown below (the power spectrum
of the trace showing an epileptiform burst is too large to be
displayed). C, in GIuR6~/~ slices kainate fails to induce either gamma
oscillations or epileptiform bursts (red line). Power spectra of the
recorded traces are shown below. D, summary diagram showing the
dependence of gamma oscillation power (integrated between 20 and
60 Hz) on kainate concentration. WT and GIuR5~/~ data points are
shown only for kainate concentrations that resulted in gamma
oscillations (n = 6 for WT, GIuR5~/~ and GIuR6~/~). Figure redrawn
from Fisahn et al. (2004); © Journal of Neuroscience 2004.
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Figure 2. Kainate-induced changes of inward current, sIPSC and
elPSC are absent in GIuR6~/~ but not WT and GIuR5~/—
interneurones and pyramidal neurones

A, in voltage clamp (V, = —60 mV) bath application of 100 nm
kainate induces an inward current in WT (—50.8 & 9.5 pA; n = 8) and
GIUR5™/~ (=71.4 + 11.6 pA; n = 5), but not GIUR6~/~ interneurones
(—1.9+1.3pA; n=5; P =0.002). In current clamp (interneurones
held below firing threshold) bath application of 100 nm kainate leads
to a depolarization and increase in firing frequency in WT
interneurones (9.5 + 2.0 mV; 3.2 + 0.6 Hz; n = 11). Kainate-induced
depolarization and increase in firing frequency are significantly bigger
in GIuR5~/~ interneurones (16.8 + 1.7 mV: 119+ 1.4Hz; n=9;

P < 0.02 depolarization, P < 0.0001 frequency) than in WT
interneurones. Partly compromising inhibitory neurotransmission by
application of 10 um picrotoxin results in increased depolarization and
firing frequency in WT interneurones (13.6 = 1.4 mV; 11.2 + 2.1 Hz,
n=4,; P < 0.02 depolarization, P < 0.0001 frequency). B, in voltage
clamp (V}, = 0 mV) bath application of 100 nm kainate (red) induces
an increase in sIPSC amplitude and frequency in both WT and
GIuR5~/~ but not GIuR6~/~ pyramidal neurones. Summary histogram
and representative cumulative probability plots are shown. Kainate
increases sIPSC amplitude and frequency in WT. In GIuR5~/~ sIPSC
control amplitude and frequency is approximately half of WT control
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decrease the postsynaptic input resistance (increase
postsynaptic shunting), respectively (Frerking et al. 1999;
Fisahn et al. 2004). Evoked IPSCs show paired-pulse
depression in WT and GIuR67/~ but paired-pulse
facilitation in GluR5~/~ pyramidal neurones (Fisahn et al.
2004) (Fig.2C). This points to a lower initial release
probability from interneurone-to-pyramidal neurone
synapses compared to WT and GluR67/~ and a role for
the GluR5 subunit in setting the depolarizational level
of the axonal network. Furthermore, activation of KARs
depresses eIPSC amplitude in WT and GluR5~/~ but not
GluR6™/~ pyramidal neurones (Fig. 2D) while leaving the
paired-pulse ratio unaffected in all three mouse strains
(Fisahn et al. 2004) (Fig. 2C).

Consistent with the hypothesis that the kainate-
induced increase in spontaneous GABA release increases
postsynaptic shunting, a concomitant reduction in
input resistance in both WT and GluR5~/~ pyramidal
neurones and interneurones was observed (Fisahn et al.
2004). In GluR67/~ the input resistance change is
significantly smaller in both pyramidal neurones and inter-
neurones. Taken together these data argue against a direct
action of kainate at the presynaptic terminal in modulating
GABA release and suggest a GluR6-dependent mechanism,
involving postsynaptic shunting via GABARs (Frerking
et al. 1999; Fisahn et al. 2004).

KAR knockout mice: modulation of neuronal
firing properties

Increasing tonic excitation of pyramidal neurones and
interneurones is not everything that is needed to
induce gamma oscillations, however. Changes to neuronal
firing characteristics such as switching from burst- to
single-spike mode in pyramidal neurones may be another
contributing factor (Fisahn, 1999). The length and
frequency of bursts of action potentials is governed by
a number of conductances including a calcium-activated
potassium current with slow decay time, which hyper-
polarizes the cell membrane (I,zup; Madison & Nicoll,
1984; Lancaster & Adams, 1986; Traub et al. 1993).
Likewise the length and frequency of single action

values. In GIuR6~/~ sIPSC amplitude and frequency remains
unchanged by kainate at WT control levels. (n = 6 for WT and
GIuR5~/~, n =5 for GIuR6~/~; amplitude: P = 0.02 for WT and

P < 0.09 for GIuR5~/~; frequency: P < 0.1 for WT and P < 0.02 for
GluR5~/7). C, paired elPSCs show paired-pulse depression in WT and
GluR6~/~ but facilitation in GIuR5~/~ pyramidal cells in control
conditions (black) as well as after application of 100 nm kainate (red).
Paired pulse ratios (PPR) remain unchanged after the application of
kainate. D, concomitantly, kainate (red) depresses elPSC amplitude in
WT and GIuR5~/~ but has no effect in GIuUR6~/~ (n =5 for WT and
GIuR6™/~, n = 4 for GIUR5~/~; P < 0.0001). Figure redrawn from
Fisahn et al. (2004); © Journal of Neuroscience 2004.
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Figure 3. Ectopic action potentials and computer modelling of
kainate-induced gamma oscillations

A, the two example traces show ectopic action potentials recorded as
spikelets (*) in pyramidal cells during an ongoing gamma oscillation.
The upper trace is a physiological recording during kainate-induced
gamma oscillations in WT; the lower trace is computer generated. The
summary bar graphs show the kainate-induced increase of spikelet
frequency recorded in interneurones (IN) and pyramidal cells (PC). The
increase of spikelet frequency seen in WT IN is significantly reduced in
GIUR5~/~ (*P < 0.0002) and GIuR6~/~ IN (P < 0.0001). It is notable
that the increase of spikelet frequency in GIUR5~/~ is significantly
larger than in GIUR6~/~ (P < 0.012). Likewise, the increase of spikelet
frequency seen in WT PC is significantly reduced in GIuR6~/~

(*P < 0.0001) (IN: n =5 for WT, n = 6 for GIuR5~/~, n =5 for
GIuR6~/~; PC: n = 6 for WT, n =5 for GIuR6~/~). B, physiological
example trace of extracellular gamma oscillations induced by 100 nwm
kainate in the presence of 50 um GYKI53655 in a WT hippocampal
slice (n = 3). Compared to kainate-induced gamma oscillations
without the AMPA receptor antagonist present (see Fig. 14) the
oscillation frequency has decreased to around 18 Hz.

C, computer-generated example trace of extracellular gamma
oscillations. The power spectrum of the example trace is shown below
and exhibits a prominent peak around 40 Hz. For comparison with
physiological recordings see Fig. 1A). D, computer-generated example
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potentials is influenced by calcium-activated hyper-
polarizing potassium currents, which in pyramidal
neurones have been designated as having medium and
fast decay times (Ianp, Irapp; Brown & Griffith, 1983;
Storm, 1987). A recent study showed that Izpp is
decreased by direct activation of KARs on CA1 pyramidal
cells (Melyan et al. 2002, 2004). A related study published
in this issue shows that the medium and slow AHP
currents are modulated by GluR6-containing KARs but
not GluR5-containing KARs. Therefore GluR6-containing
KARs appear to have an important influence on the firing
frequency of pyramidal neurones.

Electrophysiology and computer modelling

One tool that has been very beneficial to the investigation
of gamma oscillations and their underlying mechanisms
is the computer modelling of large neuronal networks
(Traub et al. 1996, 2000, 2001, 2003; Wang &
Buzséki, 1996). In the simulation of gamma oscillations
ectopic spikes in the axonal network are an essential
component (Traub et al. 2000, 2003) (Fig. 3A). By laterally
communicating through gap-junction-connected axonal
networks, ectopic action potentials are thought to facilitate
synchronization in the neuronal network. Testing this
in experiments shows that KAR activation increases the
frequency of ectopic action potentials in both WT inter-
neurones and pyramidal neurones. The increase in spikelet
frequency seen in WT is significantly reduced in GluR5~/~
and GluR67/~ interneurones and pyramidal neurones
(Fisahn et al. 2004) (Fig. 3A). This suggests the existence
of two populations of spikelets: one GluR5 dependent
and presumably originating from axon-generated action
potentials (Semyanov & Kullmann, 2001); the other
GluR6 dependent and presumably originating from
soma-generated action potentials in adjacent cells. Both
axon- and soma-generated action potentials could cross
via gap junctions into axons of neighbouring cells where
they travel antidromically to the soma and are recorded
as spikelets, or orthodromically to synapses to initiate
transmitter release.

Just as computer simulations can suggest directions
for experimental research so can experimental data in
turn provide directions for refinement of the network
computer models. In previous models (Traub et al. 2000)
the excitatory component was assumed to be carried
by AMPAR-like receptors and modelled accordingly.
However, gamma oscillations induced by the activation
of KARs are independent of AMPARs (Fisahn et al. 2004)
(Fig. 3B). This has resulted in an alteration of the computer

trace of extracellular gamma oscillations in the absence of the ‘AMPA
receptor’ component. The power spectrum of the example trace is
shown below and exhibits a prominent peak around 25 Hz. Figure
redrawn from Fisahn et al. (2004); © Journal of Neuroscience 2004.
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model to allow a two component synaptic excitation
of interneurones: a fast ‘AMPA’ component (t = 1 ms)
and a slower and smaller ‘kainate’ component (7 = 5 ms)
(Fisahn et al. 2004). The adapted model correctly simulates
the moderate decrease in oscillation frequency when
AMPARSs are selectively blocked in the hippocampal slice
(Fig. 3C and D).

Summary

The lack of the KAR subunits GluR5 or GluR6 produces
distinct phenotypes of gamma oscillations: heightened
susceptibility to epileptiform bursts in response to kainate
in the absence of GluR5, and complete failure of kainate
to induce gamma oscillations or epileptiform bursts in
the absence of GIluR6. These distinct phenotypes suggest
differential roles played by the GluR5 and GluR6 subunits
in kainate-induced gamma oscillations and epileptiform
bursts and, together with intracellular recordings, point
towards likely loci of expression on single neurones:
KARs containing GluR5 expressed on axons of inter-
neurones and for GluR6-containing KARs expressed
in the somato-dendritic region of both interneurones
and pyramidal cells. The distinct roles the KAR sub-
units GluR5 and GluR6 play in rhythmic activity in the
healthy brain (i.e. gamma oscillations) also extend to
rhythmic activity in the pathological brain (epileptiform
bursts) and it appears that small changes in the overall
activity of the area CA3 network can tilt the balance
between excitation and inhibition and cause the neuronal
network to switch from gamma oscillations to epileptiform
bursts.

The in vitro hippocampal network when challenged
with suitable concentrations of kainate receptor agonists
such as domoate or kainate generates gamma oscillations.
When the make-up of the network is altered by genetic
engineering (e.g. knocking out a KAR subunit (Fisahn
et al. 2004) or a gap junction subtype (Hormuzdi et al.
2001)) the response of the network to KAR activation, its
‘phenotype’, can be altered. From these changes in electro-
physiologically recorded extracellular field activity insights
canbe obtained about the role the deleted structure plays in
the wild-type network. Gamma oscillations in in vitro slice
preparations can therefore serve as a tool to help investigate
the role of receptor subunits (Fisahn et al. 2002, 2004),
gap junctions (Hormuzdi et al. 2001), etc. in the neuronal
network using electrophysiological means. Coupled with
intracellular patch clamp recordings this approach can
yield clues as to the locus of expression of these structures
on single neurones.
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