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Here we survey a molecular genetic approach for imaging synaptic inhibition. This approach is based
on measuring intracellular chloride concentration ([CI"];) with the fluorescent chloride indicator
protein, Clomeleon. We first describe several different ways to express Clomeleon in selected
populations of neurons in the mouse brain. These methods include targeted viral gene transfer,
conditional expression controlled by Cre recombination, and transgenesis based on the neuron-
specific promoter, thy1. Next, we evaluate the feasibility of using different lines of thy1::Clomeleon
transgenic mice to image synaptic inhibition in several different brain regions: the hippocampus, the
deep cerebellar nuclei (DCN), the basolateral nucleus of the amygdala, and the superior colliculus (SC).
Activation of hippocampal interneurons caused [CI7]; to rise transiently in individual postsynaptic CA1
pyramidal neurons. [CI7]; increased linearly with the number of electrical stimuli in a train, with peak
changes as large as 4 mM. These responses were largely mediated by GABA receptors because they
were blocked by antagonists of GABA receptors, such as GABAzine and bicuculline. Similar responses
to synaptic activity were observed in DCN neurons, amygdalar principal cells, and collicular premotor
neurons. However, in contrast to the hippocampus, the responses in these three regions were largely
insensitive to antagonists of inhibitory neurotransmitter receptors. This indicates that synaptic activity
can also cause Cl™ influx through alternate pathways that remain to be identified. We conclude that
Clomeleon imaging permits non-invasive, spatiotemporally precise recordings of [CIT]; in a large
variety of neurons, and provides new opportunities for imaging synaptic inhibition and other forms of
neuronal chloride signaling.

Introduction Neuronal excitation in large populations of neurons
has been imaged by voltage-sensitive dyes, Ca®"
indicators, intrinsic signal imaging, and fMRI (Mao

Imaging is the most promising means of determin- et al., 2001; Mrsic-Flogel et al., 2003; Grinvald and

ing the activity patterns of neural circuits in the brain.
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Hildesheim, 2004; Baker et al., 2005). Even though
synaptic inhibition is an essential contributor to
neuronal computation, inhibitory circuit activity has
been imaged less frequently. Although there are
reports of detection of synaptic inhibition via imag-
ing with voltage-sensitive dyes, autofluorescence,
pH indicators, and organic CI™ indicator dyes (Elias
et al., 1993; Horikawa et al.,, 1996; Cohen and
Yarom, 2000; Derdikman et al., 2003; Isomura
et al., 2003; Ebner et al., 2005), analysis of neural
circuits has been limited by the lack of effective
techniques for visualizing synaptic inhibition.

Fast synaptic inhibition mainly results from CI™
fluxes mediated by ionotropic y-aminobutyric acid
(GABA) and glycine receptors. Due to the low
intracellular concentration of chloride ([CI7);), acti-
vation of these receptors leads to CI™ influx into
neurons. These CI™ fluxes can hyperpolarize the
membrane potential or can shunt excitatory trans-
mission without affecting membrane potential,
yielding a form of inhibition that is virtually invisible
to measurements of membrane potential. How-
ever, all inhibitory actions that result from CI™ influx
will increase postsynaptic [CI7]; (Kaila, 1994; Kuner
and Augustine, 2000; Marandi et al., 2002; Isom-
ura et al., 2003; Berglund et al., 2006; Jedlicka and
Backus, 2006). Thus, direct measurement of
changes in [CI7]; could be a powerful means of
imaging synaptic inhibition.

Clomeleon is a genetically encoded fluorescent
indicator that permits optical determination of [CI™];
(Kuner and Augustine, 2000). Because Clomeleon
is based on fluorescence resonance energy trans-
fer (FRET), Clomeleon allows ratiometric measure-
ment of absolute [CIT]. This permits accurate
determination of resting [CI™]; as well as changes
in [CI7]; elicited by activation of GABA receptors.
Unlike organic CI~ dyes (Verkman, 1990), Clome-
leon can be genetically targeted to distinct popula-
tions of neurons. These properties make Clomeleon
suitable for studying many poorly understood
aspects of [CI™]; regulation, including developmen-
tal shifts of [CI7];, activity-dependent ionic plasticity
(Kaila, 1994; Payne et al., 2003), compartmental
gradients of [CI™]; (Derdikman et al., 2003; Szaba-
dics et al., 2006), sensory signal transduction (Re-
uter etal., 1998), and pathophysiologic
mechanisms in a multitude of diseases (Payne
et al., 2003; Pond et al., 2006). Most importantly,
targeting of Clomeleon to specific populations of
neurons could allow selective measurement of
synaptic circuitry that inhibits these neurons.
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Here, we summarize the use of Clomeleon for
imaging Cl™-mediated synaptic inhibition in neuro-
nal networks. Such an approach holds promise for
revealing the spatiotemporal patterns of synaptic
inhibition in neuronal populations during circuit
activity, and should yield fundamental insights into
the functions of neuronal networks. To achieve this
goal, we have developed several different tech-
niques to express Clomeleon in selected popula-
tions of neurons. We first review our recent work
with indicator mouse lines expressing Clomeleon
under the control of the thy1 promoter (Feng et al.,
2000; Berglund et al., 2006) and Cre recombination
technique, which give rise to Clomeleon expression
in different neuronal subsets. We also describe in
vivo viral transfer of Clomeleon gene to targeted
neurons. Finally, using thy1 transgenic mice with
robust expression of Clomeleon, we show that
activation of inhibitory synapses produces detect-
able, transient increases in [CI7]; in several brain
regions. This demonstrates that Clomeleon pro-
vides a means of visualizing the dynamics of
synaptic inhibition in space and in time. Thus,
Clomeleon indicator mouse lines provide powerful
tools for measuring [CI™]; in neurons and, thereby,
for visualizing inhibitory circuit activity and other
forms of CI~ dynamics.

Methods of expressing Clomeleon
in neurons

To measure synaptic inhibition, Clomeleon must be
expressed within neurons and a rich variety of
molecular genetic methods can be used for this
purpose. The simplest approach to express Clo-
meleon is through the use of expression plasmids,
which can be transfected into cultured neurons on
a bulk scale using any standard DNA transfection
protocol (e.g., Kuner and Augustine, 2000) or via
electroporation (Teruel et al., 1999). To achieve
large scale expression of Clomeleon in the intact
brain, in vivo electroporation (Inoue and Krumlauf,
2001; Wei et al., 2003) of Clomeleon plasmids can
be applied. Plasmid-driven expression of Clome-
leon from CMV promoters usually yields high
expression levels that provide strong fluorescence
signals. While these approaches are useful for a
wide range of applications, they lack cellular
specificity, often giving rise to expression in both
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neuronal and glial cells. A higher degree of selec-
tivity can be attained with single-cell electroporation
of plasmids (Rathenberg et al., 2003; Kitamura
et al., 2008), which allows expression in morpho-
logically identified neurons.

A certain degree of control over the selectivity
of Clomeleon expression can be attained by com-
bining viral gene transfer with stereotaxic delivery
(Wimmer et al., 2004). For example, recombinant
adeno-associated virus (AAV) pseudotyped with
the AAV-1 and AAV-2 serotype primarily transdu-
ces neurons (McCown, 2005). Combined with focal
stereotaxic delivery to certain brain areas (Fig. 1a),
good spatiotemporal control of Clomeleon expres-
sion can be attained (Fig. 1b). In particular, due to
the neuron-specific infection of AAV, a strong
expression cassette employing the CMV-enhan-
cer-chicken-$-actin promoter (CBA), WPRE ele-
ment, and bGH polyadenylation site (Klugmann
et al., 2005) allows particularly strong expression of

Fig. 1. Stereotaxic delivery of AAV1/2-Clomeleon (a) AAV1/2
containing Clomeleon transgene (left) was delivered to the
neocortex of a mouse mounted on a stereotaxic device (right).
(b) Clomeleon expression in neocortical layer 5 neurons.
Projection of an image stack obtained with confocal microscopy
of aldehyde-fixed tissue.
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Clomeleon, as illustrated by the Clomeleon-
expressing cortical pyramidal cells.

To use Clomeleon to define the physiological
characteristics of defined subsets of neurons,
Clomeleon must be expressed in genetically
defined populations of neurons. We have used
three such approaches to achieve selective expres-
sion of Clomeleon in defined groups of neurons in
mice. The first strategy was based on using the
strong neuron-specific promoter, thy1 (Caroni,
1997; Feng et al., 2000). This promoter preferen-
tially yields expression in projection neurons but
has pronounced positional variegation, so that
transgene expression is targeted to different pop-
ulations of projection neurons in each mouse line
(Feng et al., 2000). The thy1 promoter has been
successfully used to drive expression of Clomeleon
(Fig. 2a) in different regions of the brain (Berglund
et al., 2006). Each of the 7 thy1::Clomeleon mouse
lines that we have developed shows a unique
pattern of Clomeleon expression in the brain
(Fig. 2b—d). For example, line CLM11 shows
strong Clomeleon expression in the CA1 area of
the hippocampus and in neocortical areas
(Fig. 2b), line CLM12 shows strong expression in
the superior and inferior colliculi (Fig. 2c), and line
CLM13 shows intense Clomeleon expression in the
dentate gyrus, cerebellar mossy fibers, and piriform
cortex (Fig. 2d). At the cellular level, in some areas
there was a high density of Clomeleon-expressing
neurons, while in other areas these neurons were
sparse (Fig. 3a—c).

As will be described in detail below, these
thy1::Clomeleon lines are very useful for imaging
synaptic inhibition in brain slices (Berglund et al.,
2006). In addition, they have already proven
useful for a variety of other applications. For
example, these Clomeleon transgenic mice have
been successfully used for study of CI™ signaling
mechanisms in the retina (Duebel et al., 2006), for
describing the effects of oxygen deprivation upon
[CI7]i in hippocampal neurons (Pond et al., 2006),
and for quantitative measurement of resting [CI7];
in a variety of neuron types (Berglund et al.,
2006). The high expression of Clomeleon in these
lines, in combination with in vivo two-photon
microscopy (Helmchen and Denk, 2005), has
allowed the first visualization of the entire neocor-
tical layer 5 pyramidal neurons in living mice
(Fig. 3d). This approach opens the possibility of
imaging synaptic inhibition in the cortex of intact,
behaving mice.



Berglund et al.

Fig. 2. Differential expression of
Clomeleon in CLM lines (a) The thy1 a
gene and Clomeleon cassette. Clo-
meleon consists of cyan fluorescent
protein (CFP), a linker of 24 amino

acid residues (gray), and the yellow
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YFP

fluorescent protein (YFP) Topaz.
Partial schematic structure of the
thy1 gene is shown with exons
labeled in roman numerals. (b—d)
Clomeleon expression in thy1::Clo-
meleon mice lines CLM11 (b),
CLM12 (c), CLM13 (d). Adapted
from Berglund et al. (2006). The
diagram (bottom) was adapted from
Paxinos and Franklin (2001).
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The second line of Clomeleon indicator mice
was designed to target Clomeleon expression
selectively in genetically identified cell types by
harnessing the increasing availability of mouse
lines expressing the Cre recombinase in a cell-type
specific manner. For this purpose, Clomeleon
preceded by a transcriptional stop cassette was
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targeted into the ROSA26 locus (Soriano, 1999;
Srinivas et al., 2001) using homologous recombi-
nation (Fig. 4a). When bred with mice expressing
the Cre recombinase in a specific set of neurons,
the transcriptional stop cassette is excised by the
Cre recombinase, unleashing transcription of the
Clomeleon cDNA. Hence, this universal Clomeleon
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Fig. 3. Clomeleon expression on the cellular level in thy1::Clo-
meleon mice (a—c) Expression in the hippocampus. (a) hilus, (b)
dentate gyrus, (c) CA1 area. Confocal microscopic images of
aldehyde-fixed tissue. Reproduced from Berglund et al. (2006).
(d) Neocortical layer 5 (L5) neurons were reconstructed from
serial images obtained from the brain surface (L1) with in vivo
two-photon microscopy (in collaboration with Fritjof Helmchen,
Max-Planck-Institute for Medical Research).

indicator mice line (UniAct-Clomeleon) allows spe-
cific expression of Clomeleon in cell populations
that are specified by the cellular pattern of Cre
recombinase expression (Fig. 4b). For example,
Clomeleon can be expressed in gonadotropin
releasing hormone (GnRH)-releasing neurons of
the hypothalamus (Fig. 4c), a very sparse popula-
tion of cells difficult to identify without an appropri-
ate marker (Spergel et al., 1999). Unfortunately,
the ROSA26 promoter yields rather low levels of
Clomeleon expression in neurons, making inten-
sity-based ratiometric imaging difficult. However,
Clomeleon expression is sufficient for two-photon
lifetime imaging of the cyan donor fluorescence
(Jose et al., 2007), allowing imaging of [CI™]; with
excellent background separation (data not shown).
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A third strategy for obtaining population-spe-
cific Clomeleon expression in neurons utilizes the
same transcriptional stop cassette described above
for the UniAct-Clomeleon mice, but places this
cassette in an AAV vector (Fig. 5a). This approach
allows very high levels of Clomeleon expression to
be driven by the CBA cassette, while cell-type
specific expression is provided by the selective
targeting of Cre recombinase. For example, we
have injected this AAV-1/2-STOPflox-Clomeleon
virus into the cortex of mice that express Cre under
the control of the Ca®*/calmodulin dependent
protein kinase type Il (CaMKIIl) promoter, thereby
restricting Clomeleon expression to neurons that
also express CaMKIl (Mantamadiotis et al., 2002).
In this case, Clomeleon is expressed only in the
cortical pyramidal cells that are known to express
CaMKIll (Fig. 5b). Due to the strong expression of
Clomeleon, intensity-based ratiometric imaging can
be conveniently employed. Furthermore, injection
of very small amounts of virus can yield sparse
expression in only a few neurons, providing good
contrast that permits measurements of [CI7]; in the
fine processes of individual neurons, without the
need for confocal or two-photon microscopy.

In conclusion, these different strategies for
expressing Clomeleon enable several ways to use
Clomeleon to measure [CI7]; in subsets of neurons.

Using Clomeleon to image
synaptic inhibition in the
hippocampus

To evaluate the capacity of Clomeleon to image
synaptic inhibition, we prepared brain slices from
several lines of thy1::Clomeleon transgenic mice.
Mouse lines were chosen that exhibited expression
in various brain areas, including the hippocampus,
the cerebellum, the amygdala, and the superior
colliculus (SC). The results we obtained from the
hippocampus have been reported recently and a
detailed description of these results, along with
details of the experimental procedures, can be
found in Berglund et al. (2006).

Changes in [CIT]; associated with synaptic
inhibition in the hippocampus were imaged in
hippocampal slices prepared from the CLM1 line;
in this line, most CA1 pyramidal cells express
Clomeleon robustly (Fig. 3c; Pond et al., 2006).
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Fig. 4. UniAct-Clomeleon mouse line (a) ROSA26 promoter and transcriptional stop cassette (SA, neo, and 4x pA) flanked by loxP sites
(top). In cells expressing Cre under a cell type-specific promoter (center), Clomeleon (CFP in blue and YFP in yellow) expression is
activated (bottom). (b) Principle of universally activatable indicator mouse lines with Cre mouse lines with different promoters, such as
CMVm (CMVm-Cre), Ca*/calmodulin dependent kinase (CamK-Cre), Ksp-cadherin (Ksp1.3-Cre), and albumin (albumin-Cre). (c) Mating a
UniAct-Clomeleon mouse with a GnRH-Cre mouse resulted in Clomeleon expression (left) in hypothalamic GnRH neurons as shown in

immunostaining against GnRH (right).

The hippocampus was chosen as a starting point
because the local inhibitory circuits formed be-
tween GABAergic interneurons and CA1 pyrami-
dal neurons have been well characterized (Freund
and Buzsaki, 1996; Somogyi and Klausberger,
2005). These interneurons were stimulated with
an extracellular electrode that was placed at the
distal part of the pyramidal cell apical dendrites. A
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glutamate receptor antagonist, kynurenic acid (2—
3 mM), was added to the extracellular solution to
suppress excitatory synaptic transmission and
allow study of inhibitory synaptic transmission in
isolation.

Under these conditions, Clomeleon detected
increases in [CI7]; in all layers of the CA1 area
following stimulation of interneurons (Fig. 6).
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loxP

loxP

Fig. 5. Clomeleon expression by combination of adenovirus and Cre recombinase technique (a) Structure of STOPflox-Clomeleon, which
was integrated into AAV1/2. (b) Stereotaxic injection of AAV1/2-STOPflox-Clomeleon into a CaMKII-Cre mouse resulted in Clomeleon
expression in neocortical layer 5 neurons. A wide-field epifluorescence image was obtained in live slice preparation.

Because Clomeleon was expressed only in the
CA1 neurons, we could be certain that these
responses were generated exclusively by the
pyramidal cells. To control the amount of inhibi-
tion, the number of stimulus pulses was varied
(Fig. 6a—d). Because the resulting changes in
[CI7]i had complex temporal and spatial proper-
ties, we first integrated these signals over the
entire area of activity to eliminate the spatial
dimensions and focus on the time course of the
responses. In all cases, responses reached a
peak soon after the end of the train of inhibitory
postsynaptic potentials (IPSP) and decayed over
the next 30-60 s (Fig. 6e). This indicates that the
time course of [CI™]; removal is relatively slow and
independent of load over the range considered
here. Importantly, the peak amplitude of the [CI™];
changes increased in direct proportion to the
number of stimulus pulses and to the amount of
CI™ that entered the postsynaptic pyramidal cells,
as determined by voltage-clamp measurements of
postsynaptic current (Berglund et al., 2006). Thus,
Clomeleon signals provide a linear readout of
synaptic inhibition.

To identify the origins of these responses, we
first examined their sensitivity to the specific
GABA, antagonist, GABAzine (SR95531; 10 uM).
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This drug reduced the responses by 87 + 2%
(mean + SEM, n = 7), although in 5 out of 14 cells
there was little effect of GABAzine treatment
(Berglund et al., 2006). We next examined their
sensitivity to external Ca?*, which is required for
synaptic release of GABA (Duarte et al., 1993).
Ca®" removal reversibly blocked the stimulus-
evoked changes in [CI7]; in all six slices (Fig. 6f).
These results demonstrate that Clomeleon can
detect the changes in [CIT]; resulting from the
release of GABA from presynaptic interneurons
that activate GABA, receptors on the postsynaptic
CA1 pyramidal neurons.

To characterize the spatiotemporal dynamics
of these inhibitory synaptic responses, a line scan
was generated that displays the magnitude of [CI7];
changes as a function of both space and time. The
line scan measurement shown in Fig. 7a was made
from the region indicated by the white rectangle in
Fig. 6d. The area of analysis covered several
compartments within the CA1 region, including
the distal parts of pyramidal cell apical dendrites (in
the stratum lacunosum-moleculare), the proximal
parts of apical dendrites (in the stratum radiatum),
the pyramidal cell bodies (in stratum pyramidale),
and the basal dendrites (in stratum oriens). The
resting [CI7]; in each compartment was similar:
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Fig. 6. CI~ transients elicited by synaptic stimulation in the hippocampal CA1 (a—d) Images showing CI~ changes (pseudo-color)
superimposed on YFP fluorescence (gray scale) measured in CLM1 hippocampal slice (P16). The slice was oriented so that the stratum
lacunosum-moleculare/radiatum (apical dendrites) is to the left, the stratum pyramidale (somata) is at the center, and the stratum oriens
(basal dendrites) is to the right. A train of brief electrical stimuli (800 uA; 23 Hz) was delivered by the electrode (black) for 250 ms (6 stimuli,
a), for 500 ms (12 stimuli, b), for 1 s (23 stimuli, ¢), and 2 s (46 stimuli, d). CI~ was imaged every 2 s and repeated 4 times for each duration
for averaging. The region within the white dotted rectangle was used for further analysis in Fig. 7. (e) Changes in [CI”]; averaged over the
whole CA1 in the field shown in a-d. The arrow (Stim) depicts the onset of electrical stimulation. (f) Reversible decrease of Cl™ response in
nominally Ca?*-free solution. The duration of the train was 1 s (23 stimuli). Mean & SEM of six experiments. Reproduced from Berglund
et al. (2006).
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Fig. 7. Spatiotemporal profiles of CI~ transients (a) A line-scan of [CI~]; changes across the layers of CA1. The area of analysis is indicated
by the white dotted rectangle in Fig. 6d and resting [CI™]; before stimulation was subtracted to show relative changes caused by stimulation
(at arrow). A white rectangle on the ordinate denotes the size and the position of the stimulating electrode. (b) Changes in [CI™]; calculated
from each layer. Trace colors correspond to those of labels in a. Duration of 2 s stimulus train is depicted as a line (Stim). (c) Peak
magnitude of [CI™]; changes in the four compartments of pyramidal cells in each layer. Mean + SEM of seven experiments. * denotes a
significant difference from the rest by ANOVA followed by Newman—Keuls test (*P < 0.05). (d) Time to peak of [CI”]; changes in the same
four compartments of pyramidal cells. * denotes a significant difference, as determined by ANOVA followed by Newman-Keuls test
(*P < 0.05). Reproduced from Berglund et al. (2006).

57+ 1.6 mM in distal apical dendrites; Although resting [CI”]; tended to be higher in
10.3 £ 3.2 mM in proximal apical dendrites; pyramidal cell dendrites than in the somata of
50+ 4.8 mM in somata; and 8.0 £ 3.7 mM in these cells, this difference was not significant
the basal dendrites (mean += SEM, n = 7). (ANOVA, P > 0.5).
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[CI7]; changes associated with synaptic inhibi-
tion were largest in the apical dendrites of CA1
neurons, which was the location closest to the site
of stimulation. The time course of these changes
varied across compartments, as can be seen most
clearly when plots of [CI]; changes over time within
each compartment were superimposed (Fig. 7b).
While [CIT]; changes in the distal part of apical
dendrites rose rapidly and reached a maximum at
the end of the train of stimuli, [CI"]; rose more
slowly in basal dendrites and in the proximal part of
apical dendrites (Fig. 7b). The [CIT]; rise was
slowest in somata, probably due to slow diffusion
of CI™ from the dendrites and/or from the surface
membrane of the cell bodies.

A summary of the measurements of the peak
amplitude and the time to peak for seven experi-
ments is shown in Fig. 7c and d. These measure-
ments show that the [CI™]; changes associated with
synaptic inhibition of CA1 pyramidal cells were
largest and fastest in the apical dendrites but were
smaller and slower in the somata and in the basal
dendrites. These differences presumably reflect
differences in the location of active inhibitory syn-
apses on the pyramidal cells, in the surface-to-
volume ratio of the different compartments and in
the driving force on CI~ (Staley and Proctor, 1999).

In conclusion, these results document that
Clomeleon can detect changes in postsynaptic
[CI7])i in hippocampal neurons that are produced by
synaptic inhibition mediated by GABA, receptors.
These results establish the utility of Clomeleon
transgenic mice for imaging synaptic inhibition in
the brain.

Clomeleon imaging of inhibition
in other brain regions

To determine whether Clomeleon offers a general
means of visualizing inhibitory circuitry, we pre-
pared slices from brain regions other than the
hippocampus. One place we examined was the
deep cerebellar nuclei (DCN), which is the major
output of the cerebellum. The principal cells of the
DCN are glutamatergic and receive converging
input from the GABAergic Purkinje cells that reside
in the cerebellar cortex (Chan-Palay et al., 1979;
Telgkamp and Raman, 2002). They also receive
excitatory inputs through collaterals of mossy fibers
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and climbing fibers (Mihailoff, 1993; Shinoda et al.,
2000). Electrophysiological recordings have shown
that GABAergic transmission onto DCN neurons
depresses very little, even during high-frequency
activation of Purkinje cells (Telgkamp and Raman,
2002; Telgkamp et al., 2004). This is an advantage
for detecting the changes in [CI™]; associated with
synaptic inhibition. In addition, these neurons
receive local inhibition from GABA/glycinergic
interneurons (Kawa, 2003).

The DCN has three major subdivisions: medial,
interposed, and lateral nuclei. In lines CLM1
(Fig. 8a and b) and CLM13 (Fig. 8c), Clomeleon
was expressed in all three DCN nuclei. Clomeleon
fluorescence could be observed in neurons with
large, round cell bodies and multiple dendrites,
which are characteristics of the DCN principal cells
(Fig. 8b). The resting [CIT]; in these cells was
8.3 + 0.9 mM (mean £+ SEM, n = 34). To activate
the Purkinje cell-principal cell inhibitory synapses, a
train of electrical stimuli was applied at 100 Hz for
6 s. This approximates the high frequency, tonic
firing of Purkinje cell simple spikes (Thach, 1968;
Llinas and Sugimori, 1980). These stimuli were
delivered to Purkinje cell axons through a glass
electrode that was placed in the white matter of a
nearby lobule. Such stimulation produced a tran-
sient increase in [CI7]; in most Clomeleon-positive
cells (Fig. 8c). The magnitude of these responses
became smaller as the distance between the cells
and the stimulating electrode was increased, pre-
sumably due to the divergence of Purkinje cell
axons over distance.

In both their amplitude and their time course,
these responses (Fig. 8d) resembled those found
in the hippocampus (Figs. 6e and 7b). Remarkably,
the CI™ transients recorded from DCN neurons
usually were not blocked by the GABA receptor
blocker GABAzine (10 uM), or by a mixture of
GABAzine plus the glycine receptor antagonist,
strychnine (1 uM; Fig. 8d). This indicates that the
main source of CI™ in these cases was neither
GABA receptors nor glycine receptors. In a few
cases (6 out of 23 experiments), the stimulus-
induced changes in [CI]; were reduced by GAB-
Azine, indicating that these responses must arise
from inhibitory synaptic activity. To further identify
the nature of the responses in DCN, the glutama-
tergic antagonist, kynurenic acid (2 mM) was also
applied, but also was found to have no effect on the
CI™ transients (Fig. 8d, KA). Thus, in contrast to
the hippocampus, CI™ transients in DCN were
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Control

__lo2mm

SR+
strychnine

Stim

Fig. 8. Clomeleon response in DCN (a) Clomeleon was expressed in the medial (Med), the anterior (IntA), and the posterior part (IntP) of
the interposed nuclei. A sagittal section was cut from CLM1 cerebellum. Note robust expression of Clomeleon in granule cells in the
cerebellar cortex. (b) Clomeleon was expressed in large and round cells, indicative of glutamatergic principal cells, in the lateral nucleus of
the cerebellum of CLM1. (c) Electrical stimulation to the corticonuclear tract in the 8th lobule (dotted red lines) elicited [CI™]; increase in the
posterior interposed nucleus. Four images were photomontaged to generate a raw YFP-fluorescent image in gray scale. For [CI™]; change
during stimulation shown in pseudo-color scale, only the lower-left quadrant was imaged. The image shown was acquired right after the
stimulus. The experiment was done in P18 CLM13 mouse, which lacked granule cell expression. (d) Time course of [CI"]; changes shown in
¢ before (Control), during GABAzine and strychnine (SR + strychnine), and during kynurenic acid (KA) application. The arrow (Stim) depicts
the onset of electrical stimulation (140-uA pulses at 100 Hz for 6 s). Average of three trials in each condition.

mediated by mechanisms other than flux of CI™
associated with GABA or glycine receptors. They
also are not mediated by activation of postsynaptic
glutamatergic receptors.

We next examined inhibitory synaptic trans-
mission in the amygdala. The amygdaloid complex
also consists of several subdivisions, and neurons
within these subdivisions were observed to express
Clomeleon in several mouse lines. In line CLM1,
we found that Clomeleon was expressed exclu-
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sively in neurons within the basolateral nucleus
(BLA, Fig. 9a and b). The BLA is the main input
nucleus of the amygdala and receives converging
inputs from several sensory systems. There are
two major classes of neurons in BLA: glutamatergic
principal cells, which are pyramidal in shape, and
GABAergic interneurons. In CLM1, Clomeleon-
positive neurons had large pyramid-shaped
somata and presumably were the principal cells
(Fig. 9c), consistent with the preferential targeting



Berglund et al. Imaging synaptic inhibition with Clomeleon

Bicuculline

"~
Co ntrol

i/

[onuos

aulnanaig
vy +901g
noysens

Fig. 9. Clomeleon response in the basolateral nucleus of the amygdala (a) A coronal section from CLM1 showing Clomeleon expression in
the basolateral nucleus of the amygdala. (b) A diagram showing the amygdaloid complex. LA: the lateral nucleus, BLA: the basolateral
nucleus, BMA: the basomedial nucleus, CeA: the central nucleus of the amygdala. Pir: the piriform cortex, CPu: the caudate putamen.
Adapted from Paxinos and Franklin (2001). (c) Clomeleon was found in putative pyramidal cells in a sagittal section from another CLM1
brain. (d—h) Electrical stimulation to LA (red circle) elicited [CI™]; increase in BLA. [CI™]; change during stimulation shown in pseudo-color
scale was overlaid on raw YFP fluorescence in gray scale. The image shown was acquired right after the stimulus. The experiment was
done in P32 CLM1 mouse. (d) A response before application, (e) during bicuculline, (f) kynurenic acid, (g) bicuculline and kynurenic acid,
and (h) recovery after application. (i) Time course of [CI"]; changes shown in the four conditions. The arrow (Stim) depicts the onset of
electrical stimulation (30-uA pulses at 50 Hz for 2 s). Average of three trials in each condition. (j) Peak magnitude of [CI"]; changes in the
five conditions shown in d—h. Mean + SEM of three experiments. * denotes a significant difference from the rest or between the two
conditions by ANOVA followed by Newman—Keuls test (*P < 0.05).
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of projection neurons by the thy1 promoter. Clome-
leon imaging revealed that the resting [CI7]; in these
cells was 8.9 + 0.6 mM (mean + SE, n = 3).

To activate the inhibitory inputs that innervate
these cells, we positioned our stimulating electrode
within the lateral nucleus of the amygdala (LA). This
site was chosen because stimulation here should
activate principal-cell axons that excite the GAB-
Aergic interneurons of the BLA, yielding a disynap-
tic inhibitory response (Pitkdnen et al., 1995; Sah
et al.,, 2003). Stimulation (50 Hz for 2's) of LA
caused widespread [CI™]; changes in BLA neurons
(Fig. 9d), which were similar in time course and
magnitude to the inhibitory responses measured in
hippocampus and DCN (Fig. 9i). These responses
could be reversibly suppressed by the glutamate
receptor antagonist, KA (Fig. 9f and h), consistent
with the predicted disynaptic nature of the inhibitory
responses. However, application of a GABAj
antagonist, bicuculline, did not block these [CI7];
changes. This again indicates that the fluxes of CI™
responsible for these responses are coming from
sources other than GABA receptors. In fact, bicu-
culline augmented the [CI7); responses (Fig. 9e);
this presumably occurs because block of inhibition
increased the amount of excitatory drive onto the
presynaptic BLA interneurons.

Finally, we also examined synaptic [CI7]
responses in the SC, a brain region whose inhibitory
circuits help transform sensory information into
motor output that drives eye movements (Katsuta
and Isa, 2003). In the CLM1 mouse line, there was a
sparse distribution of Clomeleon-expressing pre-
motor neurons in the premotor intermediate layers
(Fig. 10a). These cells had a resting [CIT]; of
7.0 £ 0.3 mM (mean + SEM, n = 15).

To activate inhibitory circuitry, brief trains of
electrical stimuli (20 Hz for 0.2-2 s) were applied to
a pretectal area just rostral to the SC. Stimulation in
this area would be expected to evoke both mono-
synaptic inhibitory inputs to the collicular neurons
via pretectal-collicular pathways and disynaptic
inhibitory inputs mediated by excitatory pathways
that pass through the pretectum and terminate on
inhibitory interneurons in the SC (Nabors and Mize,
1991; Prochnow et al.,, 2007). In fact, electrical
stimulation in this layer increased [CI™]; (Fig. 10b).
These responses were blocked by the calcium
channel blocker, cadmium (10 uM; n = 7), indicat-
ing that they result from synaptic activity. However,
this change was not significantly (paired Student’s
t-test, P > 0.4, n = 20) reduced by GABAzine
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Fig. 10. Clomeleon response in the superior colliculus (a)
Clomeleon expression in the superior colliculus in a sagittal
section from CLM1. (b) Time course of [CI"]; changes before
(Control) and during application of GABAzine (SR). The arrow
(Stim) depicts the onset of electrical stimulation (400-uA pulses
at 20 Hz for 1 s). Average of three trials in each condition. (c)
Peak magnitude of [CI”]; changes in the two conditions.
Mean + SEM of 20 experiments.

(Fig. 10c). Parallel electrophysiological measure-
ments indicated that this concentration of GAB-
Azine completely blocked inhibitory postsynaptic
currents (IPSCs) elicited by these stimuli, as
expected (n = 12). In most cases, these responses
were not blocked by CNQX, a blocker of AMPA-type
glutamate receptors. Thus, similar to the situation in
the DCN and the BLA, [CI7]; changes produced in
the SC in response to electrical stimulation were not
mediated by GABAA, receptors.

We performed additional experiments to iden-
tify the sources of CI™ responsible for these
responses. Extracellular stimulation would be ex-
pected to cause release of both GABA and gluta-
mate, and it is known that transport of both of these
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neurotransmitters is coupled to CI™ fluxes (Wadi-
che et al., 1995; Richerson and Wu, 2003; Zomot
et al., 2007). Thus, we determined whether block-
ers of these transporters affected the changes in
[CI7)i produced by collicular synaptic activity. A
blocker of the GAT1 GABA transporter (NNC711;
10 uM) had no effect on these signals (n = 7). This
indicates that the responses are not mediated by
CI™ fluxes associated with the GAT1 GABA trans-
porter. To consider the role of ClI™ fluxes associ-
ated with glutamate transport, we applied threo-f-
benzyloxyaspartate (TBOA), which is a blocker of
the EAAT1 glutamate amino acid transporter.
While this drug slightly reduced the changes in
[CIT]; produced by synaptic activity (50%, n = 7),
these responses were not eliminated. Thus, while
we do not know the source of CI~, we can conclude
that these responses are associated with synaptic
activity but do not arise from flux of CI~ through
GABA receptors or co-transport with GABA or
glutamate.

Conclusions

We have described different molecular strategies
to express Clomeleon in subsets of neurons in the
mouse brain. These techniques enhance the ver-
satility of Clomeleon for imaging many different
forms of brain activity. Using one of the techniques
for selective expression, thy1::Clomeleon trans-
genic mice, we found that dynamic changes in
[CIT]; resulting from synaptic activity can be
detected. In the hippocampus, the changes in
[CI7]; were directly proportional to the amount of
synaptic inhibition, indicating that Clomeleon can
quantitatively track inhibition. These results dem-
onstrate that Clomeleon provides a novel approach
for imaging synaptic inhibition and inhibitory net-
work activity.

In the other brain regions we tested, activation
of inhibitory synapses produced changes in [CI7];
that were not blocked by antagonists of GABA or
glycine receptors, indicating an alternative source of
CI™. Even in the hippocampus, where GABAzine
usually blocked the [CI™]; changes associated with
activation of inhibitory synapses, we occasionally
observed incomplete blockade of these responses
(Berglund et al., 2006). On the other hand, when
synaptic activity was eliminated by Ca®* removal in
the hippocampus or by cadmium treatment in SC,
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the [CI7]; changes were almost completely blocked.
This indicates that synaptic activity is responsible
for the [CI"]; changes. Very similar observations
have been made in the hippocampus by imaging
[CIT]; with an organic CI™ indicator dye, MEQ
(Isomura et al., 2003). This demonstrates that these
signals are genuine changes in [CI™]; and are not
due to changes in pH, to which Clomeleon is also
somewhat sensitive (Kuner and Augustine, 2000).

Although the source of [CI7); responsible for
the responses that were insensitive to GABA
receptor antagonists is unclear, our results elimi-
nate several possibilities. While neuronal excitation
can cause CI™ influx through voltage- and calcium-
dependent CI~ channels, as well as other anion
channels, the responses recorded in hippocampus,
SC, and DCN persisted during treatment with
blockers of ionotropic glutamate receptors, the
most likely source of excitation during synaptic
activity. Thus, we conclude that these responses
are not due to activation of such CI~ channels.
(Responses in the amygdala were eliminated by
such blockers, but this presumably is due to the
disynaptic nature of these responses.) Release of
GABA and glutamate during synaptic activity is
associated with reuptake of these neurotransmit-
ters, which is also coupled to CI™ fluxes. However,
our experiments in SC ruled out GABA or gluta-
mate transporters as the sources of Cl™ for the
responses elicited in this region. Repetitive firing of
presynaptic terminals causes accumulation of
extracellular K* and intracellular Na*, which could
alter the activity of cation-dependent CI™ transport-
ers, such as KCC2 and NKCC1. However, we have
found that the GABAzine-insensitive responses
recorded in hippocampal neurons were not blocked
by furosemide (300 uM), an inhibitor of both these
transporters, indicating that these cation-depen-
dent CI™ transporters also are not the source of the
changes in [CI7]; produced by synaptic activity
(unpublished results). Future studies will be re-
quired to identify the sources of CI™ during the
changes in [CI7] produced by synaptic activity in
these regions.

Clomeleon allows the first direct quantification
of the changes in postsynaptic [CI”] associated
with activity of inhibitory synapses. We have found
that repetitive activation of inhibitory synapses can
increase [CI™]; by as much as 4 mM in hippocampal
pyramidal cells, which represents almost a dou-
bling of [CI7]; in these cells from its resting level of
approximately 5 mM. Such accumulation of CI™



Berglund et al.

during synaptic activity might contribute to synaptic
computation by modifying the driving force on
subsequent fluxes of CI~, particularly during repet-
itive activity (Thompson and Gahwiler, 1989; Isom-
ura et al., 2003; Jedlicka and Backus, 2006). This
form of ionic plasticity could also apply to depletion
of intracellular CI~ (Kuner and Augustine, 2000)
during the depolarizing actions of GABA or glycine
in early postnatal stages of maturation, a time when
[CIT]; is very high (Ben-Ari et al., 1989; Cherubini
et al.,, 1991; Owens et al., 1996; Berglund et al.,
2006). Our results indicate that Clomeleon imaging
techniques are suitable for studies of the dynamic
changes in CI™ gradients which potentially underlie
such forms of ionic plasticity.

In comparison to organic indicator dyes, Clo-
meleon showed somewhat lower signal-to-noise
ratios. This is similar to the case of genetically
encoded Ca?" indicators, which also show poorer
signal-to-noise ratios than their organic counter-
parts (Hasan et al., 2004; Pologruto et al., 2004;
Reiff et al., 2005). For example, detecting inhibitory
synaptic transmission at a single-cell level requires
15 IPSCs, which is equivalent to 100 pC of CI™
influx (Berglund et al., 2006). This low sensitivity is
partly due to the low CI™ binding affinity of Clome-
leon (approximately 90 mM; Kuner and Augustine,
2000) relative to the small changes in [CI7]; (at
most a 4 mM increase) produced by synaptic
activity (Figs. 6 and 7). A second factor is the
dynamic range of Clomeleon; the YFP:CFP ratio
approximately doubles from the minimum to the
maximum (Kuner and Augustine, 2000), which is a
smaller range than for organic indicator dyes. A
third factor is the need to reduce the intensity of the
excitation light to avoid reversible photobleaching
(Dickson et al.,, 1997; Sinnecker et al., 2005),
which is more prominent for YFP than for CFP
and therefore can cause changes in the YFP:CFP
emission ratio of Clomeleon in the absence of [CI7];
changes (Berglund et al., 2005). Efforts to optimize
the properties of Clomeleon are underway and
should improve these limitations of Clomeleon.

Unlike Ca®*, CI~ is not buffered by binding
proteins, but diffuses freely in cells (Kuner and
Augustine, 2000). Thus, the rather slow decay (up
to a minute) of [CI7); after synaptic stimulation is
limited by the kinetics of diffusion and extrusion of
CI™. The time course of these CI™ responses is not
limited by the binding and unbinding of CI~ to
Clomeleon, which takes approximately 0.5 s at
room temperature. Very similar slow recovery of
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Cl~ after synaptic stimulation has also been
reported by an organic CI™ indicator, MEQ (Isom-
ura et al., 2003). The time course of CI~ removal
following the activity of inhibitory synapses is likely
to be determined by the slow kinetics of the CI™
extruder KCC2 (Staley and Proctor, 1999).

Although electrophysiological measurements
remain vital to time-resolved recordings at a sin-
gle-cell level, our study demonstrates that changes
in [CI7]; associated with inhibitory synaptic activity
can be detected using Clomeleon as a non-invasive
reporter that can be genetically targeted to cell types
and subcellular compartments. Further, because
Clomeleon images synaptic inhibition, it is possible
to obtain spatial information that would be difficult, if
not impossible, to obtain via electrical recording
techniques. We anticipate that Clomeleon-based
imaging of [CI"]; can be used to visualize the
spatiotemporal dynamics of inhibitory circuitry with
unprecedented resolution. Because we have gen-
erated multiple transgenic mice lines that express
Clomeleon in many different types of neurons, it is
now feasible to visualize the amount and location of
synaptic inhibition onto specific subtypes of neu-
rons. These mice should serve as a powerful tool for
elucidating the properties of inhibitory synaptic
networks both in brain slices and in vivo.
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