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Neuroscience

Key points

e Dopamine D, receptors activate the cAMP/protein kinase A (PKA) pathway in both cortex
and striatum, with different types of signalling enzymes being involved in cAMP/PKA signal
integration. We investigated the functional implications of such differences.

e Biosensor imaging in mouse brain slice preparations revealed that the cAMP/PKA signal
increases faster, reaches higher levels and lasts longer in striatal neurones than in cortical
neurones.

e These differences result from faster cAMP production and lower degradation by type 4
phosphodiesterase activities in the striatum than in the cortex. In addition, DARPP-32 in
the striatum prolongs the PKA response by inhibiting phosphatases.

e These molecular features confers on striatal neurones a particular ability to temporally decode
sub-second dopamine signals associated with reward and learning.

Abstract The cAMP/protein kinase A (PKA) signalling cascade is ubiquitous, and each step
in this cascade involves enzymes that are expressed in multiple isoforms. We investigated the
effects of this diversity on the integration of the pathway in the target cell by comparing pre-
frontal cortical neurones with striatal neurones which express a very specific set of signalling
proteins. The prefrontal cortex and striatum both receive dopaminergic inputs and we analysed
the dynamics of the cAMP/PKA signal triggered by dopamine D, receptors in these two brain
structures. Biosensor imaging in mouse brain slice preparations showed profound differences
in the D; response between pyramidal cortical neurones and striatal medium spiny neurones:
the cAMP/PKA response was much stronger, faster and longer lasting in striatal neurones than
in pyramidal cortical neurones. We identified three molecular determinants underlying these
differences: different activities of phosphodiesterases, particularly those of type 4, which strongly
damp the cAMP signal in the cortex but not in the striatum; stronger adenylyl cyclase activity
in the striatum, generating responses with a faster onset than in the cortex; and DARPP-32, a
phosphatase inhibitor which prolongs PKA action in the striatum. Striatal neurones were also
highly responsive in terms of gene expression since a single sub-second dopamine stimulation is
sufficient to trigger c-Fos expression in the striatum, but not in the cortex. Our data show how
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specific molecular elements of the cAMP/PKA signalling cascade selectively enable the principal
striatal neurones to respond to brief dopamine stimuli, a critical process in incentive learning.

(Resubmitted 25 January 2013; accepted after revision 24 March 2013; first published online 3 April 2013)
Corresponding author P. Vincent: Neurobiologie des Processus Adaptatifs UMR7102 CNRS UPMC, 9, quai St Bernard;
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Abbreviations ACS5, type 5 adenylyl cyclase; DARPP-32, dopamine- and cAMP-dependent phosphoprotein 32 kDa;
MSNs, medium-sized spiny neurones; PDE, phosphodiesterase; PDE4, type 4 phosphodiesterase; PKA, protein kinase
A; PP1, protein phosphatase 1; R,,,., maximal ratio; R,,;,, minimal ratio.

Introduction

The cAMP-protein kinase A (PKA) pathway is one of
the most common and versatile signalling pathways in
eukaryotic cells, playing a role in the regulation of cell
functions in virtually all mammalian tissues. Real-time
changes in cAMP concentration are difficult to address
by biochemical approaches, and the advent of fluorescent
biosensors has made it possible to analyse the dynamics
of the signalling cascade directly in specific cell types
and, thus, to determine differences in integration profile
between cell types.

Biosensors commonly consist of a domain sensitive to
the biological signal of interest sandwiched between a pair
of fluorophores that provide an optical readout of the
conformational change triggered by the biological signal
(Zhang et al. 2002b). They include Epacl-camps (Nikolaev
et al. 2004), which is moderately sensitive (ECsy = 2.4 M)
to cAMP, and Epac2-camps300 (Norris e al. 2009), which
is more sensitive (ECsy = 320 nM) to cAMP. The AKAR3
sensor consists of a phospho-amino acid binding domain
and a PKA-specific substrate: it reports the equilibrium
between PKA-mediated phosphorylation and phosphatase
activity (Allen & Zhang, 2006).

Biosensor imaging has shown large cAMP responses
to receptor stimulation in various preparations. For
example, strong responses to f-adrenergic stimulation
have been recorded with Epacl-camps in primary cultures
of cardiomyocytes, fibroblasts, macrophages and thyroid
cells (Leroy et al. 2008; Calebiro et al. 2009). Strong
responses have also been observed in cell lines such as
the MING6 pancreatic cell line, after stimulation of the
glucagon receptor (Landa et al. 2005), and HEK-293
cells after stimulation of fS,-adrenergic receptors, in
which cAMP concentration increases up to 10 uM
(Violin et al. 2008). Spontaneous cAMP oscillations
have also been reported in cultured retinal ganglion
cells with a low-sensitivity cAMP sensor (Dunn et al
2006). Similarly, strong cAMP responses to S-adrenergic
stimulation have been recorded with Epacl-camps in
primary cultures of hippocampal neurones (Nikolaev et al.
2004).

We used these biosensors in brain slice pre-
parations in which mature living neurones with a pre-

served morphology were experimentally accessible. In
these conditions, the activation of several Gs-type G
protein-coupled receptors (8, -adrenergic, 5-HT;, VPACI,
CRF1 and PACI) triggered partial PKA responses, as
reported by AKAR sensors (Gervasi et al. 2007; Castro
et al. 2010; Hu et al. 2011; Vincent et al. 2012),
while, surprisingly, little or no response was detected
at the level of cAMP with Epacl-camps (Castro et al.
2010; Hu et al. 2011). Using the Epac2-camps300
biosensor with higher cAMP sensitivity, we have recorded
Bi-adrenergic responses in the cortex (Castro et al. 2010),
demonstrating very low cAMP levels in response to neuro-
modulators in our preparation. Among the large number
of phosphodiesterases (PDEs), type 4 phosphodiesterase
(PDE4) plays a critical role in many organs (Houslay,
2010). In the cortex, PDE4 inhibition with rolipram is
associated with procognitive and antidepressant effects
(Ramos ef al. 2003; O’Donnell & Zhang, 2004). We have
shown that this PDE4 activity is required to maintain low
cAMP concentrations and thus allow for the subcellular
compartmentation of the cAMP signal in pyramidal
neurones (Castro et al. 2010).

The medium-sized spiny neurones (MSNs) of the
striatum are endowed with a very unusual set of
signalling proteins that are much less abundant or
even absent in most other cell types. For example,
adenylyl cyclase stimulation is mediated by the Gg¢-type
G protein rather than the usual G, and striatal neuro-
nes express large amounts of type5 adenylyl cyclase
(AC5) (Matsuoka et al. 1997), and dopamine- and
cAMP-dependent phosphoprotein 32 kDa (DARPP-32)
(Hervé & Girault, 2005). We investigated whether these
biochemical differences were related to differences in
the dynamics of signal integration. As both the cortex
and striatum are targets of midbrain dopaminergic
neurones, we compared the cAMP and PKA responses
to dopamine D; receptor activation. We found that
these responses in striatal neurones were stronger and
quicker than in cortical neurones, particularly when
the dopamine stimulus was brief. This unique property
appears to result from a higher level of adenylyl
cyclase activity, a lower level of type 4 phosphodiesterase
activity and the presence of the phosphatase inhibitor
DARPP-32.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Methods
Brain slice preparation

Wild-type C57Bl/6] mice were obtained from Janvier (Le
Genest Saint Isle, France). Heterozygous mice with one
disrupted allele of G,i¢ (Belluscio et al. 1998) were crossed
to produce heterozygous G, mutant mice and wild-type
litter mates. Homozygous mice expressing DARPP-32
with the T34A mutation have been described elsewhere
(Svenningsson et al. 2003). Mice were maintainedina 12 h
light—12 h dark cycle, in stable conditions of temperature
(22°C), with food and water available ad libitum. All the
experiments were performed according to French Mini-
stry of Agriculture and Forestry guidelines for handling
animals (decree 87-848).

Brain slices were prepared from male mice aged from
8 to 12 days, as previously described (Castro et al. 2010).
Briefly, mice were decapitated, their brain removed, and
coronal and sagittal brain slices were cut with a VT1200S
microtome (Leica, Germany). Slices were prepared in an
ice-cold solution of the following composition: 125 mm
NaCl, 0.4 mm CaCl,, 1 mm MgCl,, 1.25 mMm NaH,PO,,
26 mM NaHCO3, 25 mM glucose and 1 mm kynurenic acid,
saturated with 5% CO, and 95% O,. The slices were
incubated in this solution for 30 min and then placed on
a Millicell-CM membrane (Millipore) in culture medium
(50% minimum essential medium, 50% Hanks’ balanced
salt solution, 6.5g1™! glucose, penicillin-streptomycin;
Invitrogen, San Diego, CA, USA). We used the Sindbis
virus as a vector to induce expression of the various
probes (Ehrengruber et al. 1999). The coding sequences of
AKARS3, Epacl-camps and Epac2-camps300 were inserted
into the viral vector pSinRep5 (Invitrogen), as previously
described (Gervasi et al. 2007). The viral vector (~5 x 10°
particles per slice) was added and slices were incubated
overnight at 35°C under an atmosphere containing 5%
CO,. Before the experiment, slices were incubated for
30 min in the recording solution (identical to the solution
used for cutting, except that the calcium concentration
was 2mM and kynurenic acid was omitted). During
recordings, brain slices were continuously perfused with
this solution saturated with 5% CO0,-95% O, in a
recording chamber maintained at 32°C. The viability
of the neurones in these experimental conditions has
been checked by patch-clamp recording, which showed
electrical activity to be normal (Gervasi et al. 2007; Castro
et al. 2010). MSNs expressing Epacl-camps were easily
patched in our preparation and displayed normal electro-
physiological features (Supplemental Fig. 1; supplemental
material is available online only).

Optical recordings on brain slices

Recordings were made on visually identified pyramidal
neurones in layer V of the mouse prefrontal cortex.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Neurones were selected for a diameter less than 14 pm,
comparable to the size of medium spiny neurones.
MSNs constitute 95% of neurones in the striatum. Large
neurones, presumably cholinergic interneurones, were
excluded (i.e. diameter larger than 14 um). Wide-field
images were obtained with an Olympus BX50WI or
BX51WI upright microscope with a x20 0.5NA or a
x40 0.8 NA water-immersion objective and an ORCA-AG
camera (Hamamatsu Photonics, Massy, France). Images
were acquired with iVision (Biovision, Exton, PA, USA).
The excitation and dichroic filters were D436/20 and
455dcxt. Signals were acquired by alternating the emission
filters, HQ480/40 for CFP (Cyan Fluorescent Protein),
and D535/40 for YFP(Yellow-shifted Fluorescent Protein),
with a filter wheel (Sutter Instruments, Novato, CA,
USA). All filters were obtained from Chroma Technology
(Brattleboro, VT, USA).

Two-photon images were obtained with a custom-built
two-photon laser-scanning microscope based on an
Olympus BX51WI upright microscope with a x60 0.9 NA
water-immersion objective and a Ti:sapphire laser (MaiTai
HP; Spectra Physics, Mountain View, CA, USA) tuned
to 850 nm for CFP excitation. Galvanometric scanners
(model 6210, Cambridge Technology, Cambridge, MA,
USA) were used for raster scanning, and a piezo-driven
objective scanner (P-721 PIFOC, Physik Instrumente
GmbH, Karlsruhe, Germany) was used for Z-stack image
acquisition. The system was controlled by MPscope
software (Nguyen et al. 2006). A two-photon emission
filter was used to reject residual excitation light (E700
SP, Chroma Technology). A fluorescence cube containing
479/40 and 542/50 emission filters and a 506 nm
dichroic beamsplitter (FF01-479/40, FF01-542/50 and
FF506-Di02-25x36 Brightline Filters, Semrock, Rochester,
NY, USA) was used for the orthogonal separation of
the two fluorescence signals. Two imaging channels
(H9305 photomultipliers, Hamamatsu) were used for
simultaneous detection of the two types of fluorescence
emission.

Images were analysed with custom routines written in
the IGOR Pro environment (Wavemetrics, Lake Oswego,
OR, USA). The emission ratio as calculated for each
pixel: emission at 535nm divided by the emission at
480 nm (F535/F480) for AKAR3 and emission at 480 nm
divided by the emission at 535nm (F480/F535) for
Epac2-camps300 and Epacl-camps. The pseudocolour
images were calculated so as to display the ratio value
coded in hue and the fluorescence of the preparation coded
in intensity. A calibration square indicates the intensity
values from left to right and the ratio values from bottom
to top. The size of the square indicates the scale of the
image in micrometres.

No correction for bleed-through or direct excitation
of the acceptor was applied (Borner et al 2011)
because we considered the correction coefficients to be
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potentially unreliable in the brain slice preparations as
a result of differences in optical properties between
slices. Bleed-through and direct excitation corrections
increase the apparent ratio changes but without improving
signal-to-noise ratio (Ducros et al. 2009). The ratio
changes in our conditions therefore appear smaller than
those reported by other studies in which such corrections
were applied.

The biosensor chromophores are sensitive to
non-specific environmental disturbances. We used a
mutated version of AKAR3 in which the threonine
residue of the PKA phosphorylation site was replaced
with an alanine residue (T391A) as a control. Consistent
with the previously reported lack of response of
AKAR2mut to B-adrenergic stimulation in the cortex,
this AKAR3(T391A) control sensor reported no ratio
change in response to the D,-like agonist SKF38393
(1 uM) and forskolin (13 uM) in the cortex (Supplemental
Fig. 2A; n=3). It also reported no change in the striatum
in response to 1 um SKF38393, 10 um CGS21680 and
13 uM forskolin (Supplemental Fig. 2B; n = 3). The base-
line ratio with this control AKAR3(T391A) biosensor
differed between cells, so the baseline value cannot be
considered to reflect cell-to-cell variations in PKA activity
level. Similar cell-to-cell variation in baseline ratio has also
been reported in various other preparations and/or with
other biosensors (Hepp et al. 2007; van der Krogt et al.
2008).

Fast drug application

A fast focal application system was used for kinetic studies
(Gervasi et al. 2007). A glass pipette (80—-120 um tip
diameter) was placed 300 um to the side of and 200 um
above the brain slice and ejected the drug contained in the
same solution as the bath. The same device was used for the
sustained or transient (10 s) application of 1 M SKF38393
or 13 uM forskolin. Dopamine uncaging was performed
with UV light at 360 nm applied in wide-field mode
(UVILED, Rapp OptoElectronic, Hamburg, Germany).

Image acquisition in these fast wide-field recordings was
automatic at a frequency ranging from 0.2 to 0.3 Hz. This
temporal resolution was sufficient to temporally resolve
the onset and decay of AKAR3 responses to dopamine or
cAMP uncaging (Supplemental Fig. 3). Image acquisition
was otherwise triggered manually by the user.

Immunohistochemistry

We carried out c-Fos immunohistochemistry with
a standard peroxidase-based method (Vectastain
Elite ABC Kit, Vector Laboratories, UK), using
3,3’-diaminobenzidine (Sigma-Aldrich) as the
chromogenic substrate. The primary c-Fos antisera
was used at a dilution of 1:1000 (rabbit polyclonal
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antiserum from Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA). Before immunohistochemistry, brain
slices were stimulated with dopamine which was released
either by local flash photolysis of NPEC-dopamine (0.1
or ls, in the cortex or striatum) or bath application of
SKF38393 (1 uM, 5min) or forskolin (13 uM, 5 min) in
the recording solution. After stimulation and incubation
for 90 min at 32°C, brain slices were fixed by overnight
immersion in phosphate-buffered 4% paraformaldehyde
at 4°C, pH7.4. Slices were then rinsed three times
in ice-cold phosphate buffer and incubated with an
avidin—biotin blocking kit. Positive nuclei were counted
blind, with a x20 water-immersion objective, on four
adjacent regions of 1400 um? each, on at least three slices
per condition.

Data analysis and statistics

Two-photon imaging (Figs1 and 2) can be used to
separate individual neurones and was used for precise
quantification of the amplitude of the response. The
nucleus was excluded from the measurement. Ratiometric
quantification was performed with a ratio value, indicative
of the signal of interest, being between the R,;, and
Rpnax values, which correspond to the minimal ratio value
(no biological signal) and maximal response (saturated
biosensor) (Grynkiewicz et al. 1985; Borner ef al. 2011).
The baseline ratio in control conditions was considered to
be equal to Ry, because adenylyl cyclase inhibition with
50 uM SQ22536 yielded no ratio decrease with any of the
three biosensors in the cortex (Epac2-camps300: n=>5)
and in the striatum (AKAR3: n=11; Epac2-camps300:
n = 6; Epacl-camps: n = 4). Tetrodotoxin (1 uM), CNQX
(10 uMm), APV (25 um), gabazine (1 um) and Cd**
(200 um) had no effect on basal AKAR3 ratio (n=>5),
indicating that the basal PKA activity is not affected by
network activity and synaptic release of neuromodulators.

The maximal response (Rp., corresponding to
biosensor saturation) was determined for each neurone
at the end of the recording. This level was determined
by applying 13 uMm forskolin, sufficient to maximally
phosphorylate the highly sensitive probe AKAR3 in
cortical neurones (Gervasi et al. 2007). In the striatum, the
response to 13 uM forskolin recorded with AKAR3 reached
98.2+0.6% (n=4) of the response obtained when the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine
(IBMX; 200 uM) was added to forskolin, indicating
that forskolin was also sufficient to reach the AKAR3
maximal response in the striatum. With the less sensitive
Epacl-camps and Epac2-camps300, forskolin was not
sufficient to reach sensor saturation and R,,,x was taken as
the ratio value reached in the presence of both 13 um
forskolin and 200 um IBMX. IBMX may have some
antagonist effect on purinergic receptors and we verified
that a cocktail of various PDE inhibitors produced the

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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same response as IBMX (Supplemental Fig. 4). Absolute
ratio values differed between cells (as shown with the
mutant biosensor, see above), so the amplitude of the
response to receptor stimulation was quantified for each
neurone as the fractional change in ratio from its own
baseline (Ry;,) and maximal final ratio response (Rp.x).
Measurements were performed on regions of interest and
means were determined for 7-9 consecutive image planes
in the vertical stack (i.e. 3.5-4.5 um-thick slices centred
on the cell body).

In wide-field imaging experiments (Figs 5-8), some
of the signal measured on a region of interest comes
from out-of-focus neurones. This has no effect on the
kinetics features of the ratio signal, but affects the absolute
amplitude of the response when out-of-focus neurones
have a pharmacological response that is different from that
of the in-focus neurone. Indeed, responses to SKF38393 or
CGS21680 in the striatum appeared smaller in amplitude
when measured with wide-field imaging as compared to
two-photon imaging because of the fluorescence back-
ground contributed by the non-responding neurones.
Still, for a given region of interest, the steady-state
response to a bath-applied saturating dose (1 uM) of
SKF38393 was genuinely representative of the response
of all D-expressing neurones contributing to the signal
of this region of interest, and this value was used for
normalisation in kinetic analyses.

We analysed at least four neurones per brain slice,
averaging their responses, with # indicating the number
of independent experiments (i.e. brain slices). Unpaired
two-tailed Student’s ¢ tests were used for statistical
comparisons. Differences were considered significant
when P < 0.05.

Drugs

SKF38393 hydrobromide, CGS21680 hydrochloride,
3-isobutyl-1-methylxanthine (IBMX), rolipram, (N)-
1-(2-nitrophenyl) ethylcarboxy-3, 4-dihydroxyphenethyl
amine (NPEC-caged dopamine) and forskolin were
obtained from Tocris Cookson (Bristol, UK);
R(+)-SCH23390 hydrochoride was obtained from
Sigma-Aldrich (Saint-Quentin Fallavier, France).

Results

D, stimulation results in strong PKA signalling
in the striatum

The genetically encoded sensor for PKA activity AKAR3
(Allen & Zhang, 2006) was used for real-time imaging of
PKA activation in living cells. Viral vectors encoding this
biosensor were used to express the biosensor in brain slice
preparations from neonatal mice and the PKA response
was measured in real time, by ratiometric (F535/F480)

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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two-photon microscopy. In pyramidal neurones of the
prefrontal cortex, activation of the adenosine A, receptors
with CGS21680 (1 uM) has no effect on the emission ratio
(n=>5 independent experiments; see Methods), whereas
stimulation of the D; receptors with a saturating dose
(I um) of SKF38393 yielded a large, but submaximal,
increase in the F535/F480 emission ratio of more than 90%
of AKAR3-expressing neurones (Fig.1A). On average,
SKF38393 increased the emission ratio to 64.4 & 2.6%
(n=18) of the maximal response induced with the direct
adenylyl cyclase activator forskolin (13 um; Fig. 1C; see
Methods for details of the determination of maximum
response). In the dorsal striatum, the neurones that
responded to the D; stimulation exhibited a much larger
ratio change with AKAR3, with the response to 1 um
SKF38393 reaching 94.1 & 1.0% (n = 12) of the maximal
level (Fig. 1Band C). Thus, the stimulation of D, receptors
resulted in higher levels of PKA target phosphorylation in
MSNss than in pyramidal cortical neurones.

Only 53% (n =85 of 160) of striatal cells responded to
SKF38393; 40% strongly responded to the A,, receptor
agonist CGS21680 (1 um); 5% responded to neither
agonist and 2% responded to both agonists (Fig. 1B). This
is consistent with previous studies showing that D; and
A, receptors are segregated in the two major subsets of
MSNs corresponding to the direct and indirect pathways,
respectively (Bateup et al. 2008; Bertran-Gonzalez et al.
2008).

D, stimulation results in high cAMP levels
in the striatum

We then measured the cAMP signal underlying the
PKA responses with the Epacl-camps cAMP sensor
(Nikolaev et al. 2004), which is moderately sensitive to
cAMP (ECsy = 2.4 uM). In the cortex, we observed no
significant response to SKF38393 (5.0 £1.9%, n=11).
When adenylyl cyclases were directly stimulated with
forskolin, the emission ratio increased to 35.4+ 3%
(n=11) of the maximal response obtained with forskolin
plus 200 um of the phosphodiesterase inhibitor IBMX
(Fig. 2A).

Degradation by PDEs is an important determinant of
the steady-state cAMP concentration. Figure2A shows
that in the cortex, PDE inhibition with the non-specific
drug IBMX strongly potentiates the response to forskolin,
showing that PDE activities contribute to the negative
control of cAMP.

We then used the Epac2-camps300 sensor (Norris ef al.
2009), which is more sensitive to cAMP (ECsy = 0.32 um).
This sensor reported a clear response to SKF38393 in
cortical neurones (29.1 & 4.4%, n = 9 of the maximal level
reached in the presence of forskolin and IBMX; Fig. 2B).
The activation level of the biosensor remained below 50%,
showing that the free cAMP concentration during the D,
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Figure 1. The PKA response to D¢ stimulation was stronger in the striatum than in the cortex

Prefrontal cortical neurones (A) and medium spiny neurones (B) in a mouse brain slice transduced for AKAR3
expression and imaged by two-photon laser-scanning microscopy. Images show the raw fluorescence at 535 nm
(left, in grey scale) and the ratio (in pseudocolour), indicating levels of PKA-dependent phosphorylation at the
times indicated by the corresponding arrows on the graph below. The calibration square on the pseudocolour
image indicates from left to right increasing intensity levels, from bottom to top increasing ratio values. The size
of the square is indicated above, in micrometres. Each trace on the graphs indicates the F535/F480 emission
ratio measurements on the regions indicated by the colour contour on the grey-scale image; thin traces in black
correspond to cells outside the displayed region; the thick black line represents the average of all the traces. The
nucleus was excluded from the measurement. Each neurone responded to SKF38393 by an increase in F535/F480
ratio. Forskolin further increased the ratio to a maximal steady-state level. Note that the basal ratio differed
between cells, and that these differences remained unchanged throughout the recording and during the response
to forskolin; similar differences between cells were observed with the mutant probe (see Methods) and these
differences do not reflect genuine differences in PKA activities. B, traces are separated into two plots on the basis
of their response to the Ay agonist CGS21680 or the D¢ agonist SKF38393. SKF38393 (1 um), CGS21680 (1 1um)
and forskolin (13 um) were added to the bath during the time represented by the horizontal bar. C, amplitude of
the AKAR3 response (normalised to the response to forskolin; see Methods) to CGS21680 and SKF38393. Striatal
neurones are separated into two groups depending on their responsiveness to either CGS21680 or SKF38393;
numbers above columns indicate the number of experiments.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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response remained below the EC5, of the Epac2-camps300
biosensor, i.e. below 0.3 um.

In marked contrast to the weak responses measured
in the cortex, the MSNs displayed very strong cAMP
responses: in the MSNs sensitive to D; agonist, the
response to SKF38393 measured with the low-sensitivity
cAMP sensor, Epacl-camps, was close to the maximal
response (79.1 £3%; n=17) obtained with forskolin
and IBMX (Fig.2C). In the MSNs responsive to Ajs
agonist, the response to 1 uM CGS21680 was also strong,
at 68.9 & 6.8% of maximal levels (n = 10), and was smaller
(unpaired two-tailed Student’s ¢ test, P < 0.01) but of the
same order of magnitude as the response to SKF38393.
The large responses obtained after D; stimulation indicate
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a free cAMP concentration during these responses well
above the ECs; of the Epacl-camps biosensor, i.e. above
2.4 pM.

In contrast to what was observed in the cortex, IBMX
did not increase the response to forskolin in the striatum:
the response to forskolin alone was 94 4 2% n = 3 of the
level reached with forskolin and IBMX. This indicates that
PDE:s in the striatum are not sufficient to counteract the
cAMP production elicited by forskolin.

The striatum is composed of the dorsal caudate nucleus
and the ventral nucleus accumbens. We investigated
whether the cAMP/PKA response differed between these
two regions. As in the dorsal striatum, strong cAMP signals
were obtained in the shell of the nucleus accumbens,

Striatum

Forskolin + IBMX

CGs216g0 SKF38393

Epac1-camps
I I I
30

Time (min)

Figure 2. D, stimulation increases free cAMP concentration to higher levels in striatal neurones than in
cortical neurones

A, prefrontal cortical neurones in a mouse brain slice were transduced for expression of Epac1-camps and imaged
by two-photon laser-scanning microscopy. Images show the raw fluorescence at 535 nm (left, in grey scale) and
the ratio (in pseudocolour) indicating the change in conformation of Epac1-camps following binding to cAMP, at
the times indicated by the arrows on the graph below. Each trace on the graphs indicates F480/F535 emission
ratio measurements on regions indicated by the colour contour drawn on the raw images; thin traces in black
correspond to cells outside the displayed region; the thick black line represents the average of all the traces.
Forskolin increased the ratio to a moderate level and the non-specific inhibition of phosphodiesterases with
IBMX resulted in a stronger response. B, as for A, except that the pyramidal cortical neurones were transduced
with Epac2-camps300. SKF38393 triggered a clear response, which was further increased by forskolin. C, medium
spiny neurones of the striatum transduced for Epac1-camps expression were imaged by two-photon laser-scanning
microscopy. Traces are separated into two plots on the basis of the response to either the Ay agonist CGS21680
or to the Dy agonist SKF38393. SKF38393 (1 M), CGS21680 (1 wum), forskolin (13 um) and forskolin (13 M) +
IBMX (200 um) were added to the bath during the time represented by the horizontal bar.
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in which Epacl-camps responses to SKF38393 reached
58.7 £ 2.9% maximal levels (n=6). These signals were
lower than those in the dorsal striatum (unpaired
two-tailed Student’s t test, P < 0.01), but nonetheless
reflected much higher cAMP levels than in the prefrontal
cortex.

Buffering effect of the biosensor

The small cAMP responses obtained in the cortex may
result from cAMP being buffered by a large concentration
of Epac-based biosensors. This buffering effect should
become more visible and reduce the amplitude of the
response as the biosensor concentration increases. In the
cortex, we performed this analysis on the responses that
were detectable, i.e. with the Epac2-camps300 sensor.
We evaluated this effect by analysing the relationship
between biosensor concentration, estimated by the
absolute fluorescence intensity measured in the cytosol by
two-photon imaging, and the amplitude of the response
to SKF38393. No downward trend was observed (Fig. 3A),
demonstrating that our measurements were not affected
by this type of buffering effect.

We also investigated whether buffering of cAMP by
the biosensor affected the amplitude of the D, response
recorded in the dorsal striatum. We performed this analysis
on Epacl-camps responses, as the Epac2-camps300 are
most likely saturated. Again, we found no relationship
between biosensor concentration and response amplitude
(Fig. 3B), ruling out a potential buffering effect of the
biosensor on the cAMP signal. No difference in the
range of intensities was observed between the striatum
and the cortex, showing that the biosensor is expressed at
similar levels in both brain structures.

In summary, for all three biosensors with
different sensitivities (AKAR3 > Epac2-camps300
> Epacl-camps), and independently of biosensor
concentration, the responses in the striatum were much
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stronger than those in the cortex (P <10~% unpaired
two-tailed # test; Fig. 4), demonstrating the occurrence of
a much higher cAMP level and stronger PKA response in
striatal neurones than in pyramidal neurones.

Faster onset kinetics in the striatum than in the cortex

We then looked at the kinetics of the cAMP/PKA
response and we increased the temporal resolution of our
recordings by using focal applications of 1 um SKF38393
with a fast onset while monitoring the response of
AKARS3 with a wide-field CCD camera (Fig. 5A-D). This
increase in temporal resolution was valid for kinetic
measurements, but was obtained at the expense of a loss
of spatial resolution and the inclusion of autofluorescence
and fluorescence from out-of-focus cells in the ratio
signal measured over cell bodies. Kinetic responses were
therefore normalised to the level obtained at steady state
with the same agonist (see Methods). Time 0 was defined
as the intercept of the baseline with the line fitted to the
10-90% incremental phase of the response (Fig. 5E and
F). T120n and ty 50t were defined as the time to reach the
half of the maximal response, respectively of the onset and
the decay.

The increase in AKAR3 ratio was three times faster
in the striatum than in the cortex (unpaired two-tailed
t test, P <0.001), with a t;/5,, of 7.9£1.1s, n=10
and 21.4 2.6 s, n = 8, respectively (Fig. 5G). This kinetic
difference suggests that PKA signalling upon D, receptor
stimulation is stronger in the striatum than in the cortex
and we tried to determine the molecular basis underlying
this difference.

It is well known that one distinguishing feature of the
striatum is the expression of high levels of D; receptors
compared to other brain regions, including the cortex
(Boyson et al. 1986; Fremeau et al. 1991). While this
difference in receptor density probably plays a role in
the differences between striatum and cortex, we wanted
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Figure 3. The intracellular biosensor concentration does not affect the amplitude of the cCAMP response
The amplitude of the response to SKF38393 was quantified in individual neurones as a percentage of the maximal
forskolin + IBMX response and was plotted against fluorescence intensity. Each data point corresponds to a region
of interest drawn on a single neurone. Neurones recorded during the same experiment were plotted in the same
colour. A, pyramidal cortical neurones expressing Epac2-camps300; 11 experiments. B, striatal neurones expressing
Epaci-camps; 5 experiments. The linear regression was calculated for all the data points on the graph with slopes
of 0.0040% AU~ (A) and 0.0054% AU~ (B), where AU represents arbitrary units.
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to determine the contribution of the enzymes down-
stream of D, receptors in the cAAMP/PKA responses. To this
end, we monitored the onset of the response upon direct
stimulation of adenylyl cyclase by forskolin. Application
of forskolin increased the PKA signal much faster in the
striatum than in the cortex (¢,/,0n = 12.5+ 1.8, n=51n
the striatum and 30.4 & 5.9 s, n = 5 in the cortex, unpaired
two-tailed t test, P < 0.05; Fig. 6A). These results clearly
show that beyond the difference in D, receptor expression
level, cortex and striatum differently integrate the PKA
signal.

The striatum also expresses high levels of G, rather
than the usual G, which has been shown to couple the
D; receptors to adenylyl cyclase (Corvol et al. 2001).
We studied the onset kinetics of the AKAR3 response to
D;-like stimulation in heterozygous Gg;™/~ mice, which
have levels of G, about 50% of those in wild-type mice
(Corvol et al. 2001, 2007). In the striatum of G/~ mice,
PKA activity onset was still significantly faster than in the
cortex showing that there remains enough G protein in
the striatum of G, ™/~ mice to ensure a quick onset of the
D, response (Fig. 6B).

The striatum contains large amounts of adenylyl
cyclases, in particular AC5 (Gehlert et al. 1984; Matsuoka
et al. 1997), potentially accounting for the faster onset
of the cAMP/PKA signal in striatal neurones. We tested
this hypothesis by using forskolin to activate all adenylyl
cyclases directly, while monitoring the increase in cAMP
concentration with the Epac2-camps300 sensor: forskolin
treatment led to an increase in cCAMP concentration that
was three times faster in the striatum than in the cortex
(tion =10+ 1s, n=4 and 35 £ 4s, n=4, respectively,
unpaired two-tailed t test, P < 0.001; Fig. 6C). The type 4
phosphodiesterase inhibitor rolipram (100 nm) had no
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Figure 4. The cAMP/PKA response to D4 stimulation was
stronger in the striatum than in the cortex, for all three
biosensors, Epac1-camps, Epac2-camps300 and AKAR3

The response amplitude measured with each biosensor was
normalised with respect to the maximal biosensor response (see
Methods) and plotted as a histogram. Error bars indicate the SEM;
the number of brain slices used is indicated above each bar. The
difference between cortex and striatum was significant for each of
the three biosensors (P < 10~8 unpaired two-tailed t test).
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effect on onset kinetics in cortical neurones, indicating that
the slower response in the cortex did not result from cAMP
degradation by PDE4. Altogether, these results show that,
independently of the expression level of the D; receptor
and G¢ protein, cAMP production and PKA response is
faster in the striatum than in the cortex.

Stronger negative control of the PKA signal in the
cortex than in the striatum

We then studied the negative control exerted on the
cAMP/PKA signalling cascade by examining the decay
phase of the D;-like responses. We used the fast focal
application system to apply a 10s puff of SKF38393
while imaging the preparation by wide-field fluorescence
microscopy (Fig. 7). For both cortex and striatum, brief
SKF38393 stimulation resulted in a transient increase
in AKAR3 emission ratio (Fig.7A and B), which was
reproducible, with no significant change in amplitude
or kinetics. However, the responses differed considerably
between the two brain regions: cortical neurones generated
a small-amplitude response (694 5%, n=6, of the
steady-state SKF38393 response), whereas striatal neuro-
nes displayed an almost maximal response (93 =+ 2%,
n =17, of the steady-state SKF38393 response) that lasted
three times longer than the response in the cortex
(tij20 = 6.9 £ 1.2min, n=7 vs. t/50¢ = 1.9 = 0.3 min,
n = 6, respectively; unpaired two-tailed f test, P < 0.005).

PDE4 activity determines cAMP degradation
in the cortex

Since PDE4 activity in the cortex efficiently contributes
to cAMP degradation and maintains low cAMP
concentration (Castro et al. 2010), we tested whether
PDE4 was involved in the negative control of the trans-
ient D, response. In the presence of 100 nMm rolipram, the
amplitude of the PKA response to brief D, stimulation
in the cortex was 30% greater in amplitude (96 £ 5%,
n=4, of the steady-state SKF38393 response; unpaired
two-tailed f test, P < 0.002) and the decay was twice as
slow (t1/20f =4.2 £ 0.3 min, n=4; unpaired two-tailed
t test, P <0.001) as in the absence of this compound
(Fig. 7C and D). Thus, PDE4 effectively decreases cAMP
levels and thereby PKA activity in the cortex, consistent
with previous biochemical data (Kuroiwa et al. 2012).

In the striatum, we searched for possible effects of PDE4
on responses to SKF38393. First, we looked at a potential
involvement of PDE4 in the steady-state PKA activation
level reached upon sustained receptor stimulation. Since
the response to 1 uM SKF38393 produced a maximal
response, we used a lower concentration of 3nMm
SKF38393, which does not yield maximal PKA activation.
In these conditions, 100 nM rolipram had no effect on the
response (20 £ 8%, n=>5 vs. 29 + 6%, n = 14, expressed
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Figure 5. The onset of the PKA response is faster in the striatum than in the cortex

SKF38393 (1 um) was applied with a fast perfusion system. Pyramidal cortical neurones (A) and MSNs in the dorsal
striatum (B) were transduced for AKAR3 expression and imaged by wide-field microscopy. Images show the raw
fluorescence at 535 nm (left, in grey scale) and the ratio (in pseudocolour), indicating levels of PKA-dependent
phosphorylation in control condition (a), during the responses to 1 um SKF38393 (b) and 13 um forskolin (c). C
and D, time-course of the F535/F480 emission ratio measured in the regions indicated by the colour contour on
the grey-scale image in the cortex (4) and striatum (B), respectively. £ and F, expansion indicated by the dotted
rectangle in of C and D, respectively, showing the response onset. The black trace represents the average. G,
average similar experiments in the cortex (n = 8) and striatum (n = 10). Error bars represent SEM.
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as percentage of the maximal response obtained with
forskolin). Thus, PDE4 was not involved in regulating
the cAMP/PKA signalling in the MSNs of the striatum,
consistent with previous reports (Nishi et al. 2008).

Phosphorylation of the threonine 34 (T34) residue
of DARPP-32 prolongs the effect of PKA

PDE4 inhibition in the cortex delayed the recovery
of the PKA signal considerably after transient D;-like
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Figure 6. The increase in cAMP/PKA signal in response to D4
or adenylyl cyclase stimulation is faster in the striatum than in
the cortex

A, striatal neurones responded more rapidly than cortical neurones
to a Dy stimulation. The onset of the PKA response was monitored
with AKAR3 in the cortex and striatum of C57BI/6J mice during the
fast application of 1 um SKF38393, as described in Fig. 5. This
protocol was repeated (cortex: n = 8; striatum: n = 10) and the
responses were averaged. B, as for A, but for the striatum of
heterozygous G/~ mice (n = 17). Traces from A are overlaid for
comparison. C, onset of the CAMP response to 13 um forskolin,
measured with Epac2-camps300, in the cortex and striatum of
C57BI/6J mice. A, B and C, bars indicate the SEM.
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stimulation, but this recovery was still more rapid than
in the striatum, suggesting that another mechanism
may underlie the slower dephosphorylation occurring
in the striatum. Striatal neurones express high levels of
DARPP-32, which becomes a potent inhibitor of protein
phosphatase 1 (PP1) following the phosphorylation of its
T34 residue by PKA (Svenningsson et al. 2004). We used
a knock-in mutant mouse in which this threonine residue
was replaced with an alanine residue (DARPP-32 T34A)
(Svenningsson et al. 2003) to determine the functional
implication of DARPP-32 in PP1-mediated regulation of
the PKA response.

In DARPP-32 T34A mice without
DARPP-32-dependent PP1 inhibition, the recovery
rate following the PKA response to 10s of stimulation
with SKF38393 was more than three times faster than
that in wild-type mice (/20 =2.04+0.2min, n=7
Vvs. ti0 = 6.9 £ 1.2 min, n=7, respectively; unpaired
two-tailed f test, P < 0.002; Fig. 7E and F), demonstrating
that DARPP-32 plays a critical role in keeping PKA targets
phosphorylated in the striatum. In these mutant mice,
neither the kinetics of increase nor the amplitude of
the transient response with respect to the steady-state
SKF38393 response was modified. This shows that
DARPP-32 in the striatum plays a critical role in
inhibiting PP1 resulting in a slower recovery at the end of
the D, stimulation.

We also evaluated the role of DARPP-32 on the
PKA responses in the cortex (Supplemental Fig.5).
The kinetics of the response to 10s stimulation with
SKF38393 was identical in DARPP-32 T34A and wild-type
mice.

A sub-second dopamine signal is sufficient to activate
PKA

Physiological activation of D, -like receptors is commonly
assumed to occur after a burst of action potentials in
dopaminergic neurones in response to a reward signal
(Schultz & Dickinson, 2000). These action potential bursts
are associated with phasic dopamine release for less
than one second in the cortex or striatum (Garris &
Wightman, 1994; Gonon, 1997). We mimicked phasic
dopamine signals by uncaging NPEC-dopamine (5 uM)
for various durations (0.1, 0.3 and 1 s), while monitoring
PKA activity with AKAR3 by wide-field imaging (see
Methods; Fig. 8). Cortical neurones displayed little or no
response to uncaging for 0.1 s, and uncaging for 1 s yielded
responses about half the maximal steady-state response to
SKF38393 (Fig. 8A and B). By contrast, striatal neurones
responded to NPEC-dopamine uncaging for 0.1s with
a signal of up to ~50% of the maximal response, with
the maximal response reached following uncaging for 1s
(Fig. 8C and D). The difference in response amplitude was
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significantly different between cortex and striatum for the
responses to 0.3 and 1s uncaging (unpaired two-tailed
t test, P <0.001). Thus, striatal neurones can detect a
sub-second dopamine signal, whereas the cortex is much
less sensitive.
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Transient dopamine activates c-Fos expression
in the striatum

We then investigated whether this brief dopamine signal
was sufficient to induce gene expression and we monitored
the induction of c-Fos expression by a transient dopamine
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Figure 7. Brief (10 s) applications of SKF38393 produced stronger and longer-lasting PKA responses in

the striatum than in the cortex

PKA activation was measured with AKAR3 during the application of a 10 s pulse of 1 um SKF38393 in the cortex
(A) and striatum (B). Each trace on the graphs indicates the AKAR3 emission ratio of an individual neurone in
wide-field imaging. Responses were reproducible, with no significant difference in amplitude or kinetics. At the
end of each experiment, SKF38393 and forskolin (13 um) were added to the bath for the times indicated by
the horizontal bars, and the response to the sustained presence of SKF38393 was used for normalisation. C,
PKA response to a brief (10 s) application of SKF38393 (1 M) alone and in the presence of the PDE4 inhibitor
rolipram (100 nwm), in the cortex: rolipram strongly increased the amplitude and prolonged the duration of the
PKA response. D, mean responses in the cortex to brief SKF38393 stimulation alone (n = 6) or in the presence of
rolipram (n = 4); bars indicate the SEM. E, PKA response to a brief (10 s) application of SKF38393 (1 uMm) in the
striatum of DARPP-32 T34A mice. F, mean responses to brief SKF38393 stimulation, in the striatum of wild-type
(n = 7) and DARPP-32 T34A mice (n = 7). The higher level of phosphatase 1 activity in DARPP-32 T34A mice had
no effect on the amplitude of the PKA response, but strongly reduced the duration of the PKA response.
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stimulation. Brief NPEC-dopamine uncaging (0.1 or 1s
UV) elicited a robust induction of c-Fos immunoreactivity
in the striatum after 1.5h of incubation (Fig. 9): the
number of c-Fos-labelled nuclei per field was 32 3, n=4
after uncaging for 0.1 s and 33 £ 4, n=4 after uncaging
for 1s, both these results being significantly different
from the control without caged dopamine (11.3+7,
n =3, unpaired two-tailed Student’s ¢ test, P < 0.05). No
significant effect was detected when the same protocol
was applied to the prefrontal cortex (6 £3, n=4 for
0.1s and 742, n=4 for 1s vs. 9+7, n=23 without
caged dopamine). As a positive control, a bath application
of SKF38393 for 5min induced c-Fos expression in the
cortex (23 £+ 1,n=>5, P < 0.05). Thus, a single sub-second
dopaminergic stimulation is sufficient to trigger c-Fos
expression in the striatum, an effect often associated
with long-term changes related to plasticity and learning,
whereas the cortex remains unresponsive.

Discussion

With the high resolution provided by biosensors, we were
able to demonstrate profound differences in the responses
of cortical and striatal neurones to a dopamine signal:
cAMP levels remain very low in cortical neurones, whereas
striatal neurones display faster, stronger and longer-lasting
responses, even to sub-second dopamine stimulation.

F535/F480
|

Figure 8. Striatal neurones respond more
efficiently than pyramidal cortical
neurones to brief dopamine uncaging

A, pyramidal cortical neurones expressing
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The small increase in cAAMP concentration in pyramidal
cortical neurones after the activation of G-coupled
receptors was particularly striking. Epac-based sensors
have been used to report cAMP responses in various
cellular systems, but the Epacl-camps biosensor, which
has a micromolar affinity for cAMP, reported little or
no response to stimulation of the neuropeptide receptors
VPACI, CRF1 and PAC1 in pyramidal neurones of
the somatosensory cortex (Hu er al. 2011). Similarly,
pi-adrenergic stimulation led to little Epacl-camps
activation, whereas the more sensitive Epac2-camps300
sensor revealed a moderate increase in the cAMP
signal, together with partial PKA activation (Castro
et al. 2010). Similarly, only partial PKA activation
was reported in response to 5-HT; receptor agonist
in the intralaminar thalamic nuclei (Gervasi et al.
2007). The D; responses in the cerebral cortex
reported here are clearly consistent with these previous
findings, suggesting that cAMP concentrations in the
sub-micromolar range and partial PKA activation in
response to neuromodulatory stimulation are common
features of various mature neurones in brain slice pre-
parations. This observation contrasts strongly with the
strong (micromolar) spontaneous or stimulated cAMP
signals reported by Epac sensors in cultured embryonic
neurones (Gorbunova & Spitzer, 2002; Nikolaev et al.
2004; Dunn et al. 2006; Dunn & Feller, 2008; Calebiro
et al. 2009; Shelly et al. 2010; Nicol et al. 2011). These
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fluorescence mode and the ratio obtained
was plotted against time. Arrows indicate the
UV flash, for the duration indicated on the
arrow (0.1, 0.3 and 1 s). Increases in the
duration of flash photolysis of caged
dopamine (NPEC-dopamine, 5 um, in the
bath) were associated with increases in the
amplitude of the ratio response. For each
flash duration, responses are normalised with
respect to the steady-state response to
bath-applied SKF38393. Mean responses are
presented in B, with error bars indicating the
SEM, n=6. C, as in A, except that the
recording was performed in the striatum. D,
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Figure 9. A sub-second dopaminergic stimulation was
sufficient to induce c-Fos expression in the striatum, but not in
the cortex

PFC, prefrontal cortex. Brain slices were stimulated with dopamine
released by the local flash photolysis of NPEC-dopamine (5 um, 0.1
or 1s) or bath application of SKF38393 (1 M, 5 min). The brain slice
was fixed 90 min after the stimulus and c-Fos-immunoreactive nuclei
were quantified in both structures. Grey-scale images show brain
slices stained for c-Fos in the conditions indicated in the panel.
Positive nuclei were counted and the counts were plotted on the
histogram: each bar indicates the mean number of c-Fos-positive
nuclei in the corresponding conditions and error bars indicate the
SEM. Significant responses were obtained for all uncaging durations
for the striatum, whereas the cortex responded only to bath-applied
SKF38393. Unpaired two-tailed t tests were carried out for
comparisons with control conditions, and differences were
considered significant when P < 0.05, indicated by an asterisk on
the graph.
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large cAMP oscillations or strong responses to neuro-
modulators in embryonic neurones might be a normal
feature of growth, path-finding and maturation processes,
whereas mature neurones need to maintain tight control
over cAMP concentration, possibly to ensure spatial
compartmentation of the cAMP signal. PDE4 is a key
player in the negative control of cAMP concentration
in cortical neurones (Yamashita et al. 1997; O’Donnell
& Zhang, 2004) and its activity is required to maintain
the subcellular compartmentation of the cAMP signal in
various cells (Conti & Beavo, 2007), including neuro-
nes (Neves et al. 2008; Castro et al. 2010). Our results
demonstrate that PDE4 is indeed essential for the clearance
of cAMP after D, receptor activation in the cortex.

Surprisingly, we found that striatal neurones in brain
slice preparations behaved very differently from this
model, in that they displayed faster, stronger and
longer-lasting cAMP/PKA signals. We were able to identify
three molecular elements responsible for this particularly
strong cCAMP/PKA response in the striatum. In addition
to these, the high expression level of D; receptors (Boyson
et al. 1986; Dearry et al. 1990; Monsma et al. 1990;
Sunahara et al. 1990; Zhou et al. 1990; Fremeau et al.
1991) may also contribute to strengthen the response, and
there may be other signalling components that have not
been identified yet.

By contrast to the situation in the cortex, in which
PDE4 plays a critical role in cAMP degradation, our
experiments show a lack of PDE4 activity in the striatum,
as previously described (Nishi et al. 2008). This may
reflect a lower level of PDE4 in the striatum, as only
moderate levels of PDE4B are found in the striatum,
whereas the cortex and many other brain regions express
large amounts of the PDE4A and D isoforms (Cherry &
Davis, 1999; Perez-Torres et al. 2000; Zhang et al. 2002a;
Nishi et al. 2008). Indeed, other PDEs are expressed in
the striatum, such as PDEIB (Polli & Kincaid, 1994),
PDE2 (Van Staveren et al. 2003) and PDE10 (Seeger et al.
2003). These phosphodiesterases certainly contribute to
cAMP clearance, and their respective implication in the
control of cAMP dynamics remains to be analysed with
this approach.

Our results also indicate that cAAMP production is more
efficient in the striatum than in the cortex, resulting in a
faster increase in cAAMP concentration and PKA activation.
Direct activation of adenylyl cyclases with forskolin
showed that the faster response in the striatum was a
specific feature arising downstream from the receptor.
Our results thus provide a functional relevance for the
high levels of AC5 expression and activity reported in
the striatum (Gehlert et al. 1984; Matsuoka et al. 1997;
Lane-Ladd ef al. 1997). In addition, it is possible that the
functional coupling between G,js and AC5 in the striatum
is intrinsically more efficient than the coupling between
G; and the other adenylyl cyclases in the cortex.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Positive coupling to adenylyl cyclases is mediated by
G rather than G, in the striatum. However, G/~
mice which express half as much G as wild-type mice
still exhibit faster onset kinetics than in the cortex,
suggesting that, in our experimental design, G is not
critical for the faster onset kinetics of cAMP production.
Finally, we found that the T34 residue of DARPP-32
was essential for a sustained phosphorylation response in
striatal neurones. A role for DARPP-32 in amplifying and
extending the duration of phosphorylation of PKA sub-
strates dephosphorylated by PP1 has long been suggested,
based on the results of classical biochemical experiments,
but the kinetic aspects of these effects in neurones
are largely unknown (Svenningsson et al. 2004). While
there was little effect on the onset and maximum level
of phosphorylation of a substrate following a transient
stimulus as compared to the steady-state D; response,
we show here, by dynamic measurements in live striatal
neurones, that phosphatase inhibition plays a major role
in extending the duration of the response. The details
probably differ between substrates, but PP1 inhibition by
phosphorylated DARPP-32 is probably critical for fixing
the duration of a ‘window of dopamine action’ following
transient dopamine release. This may be an essential aspect
of the role of DARPP-32 in multiple aspects of striatal
function (Yger & Girault, 2011).

Dopamine neurones appear to be much less homo-
geneous than previously thought (Lammel et al. 2011;
Henny et al. 2012), but they have many features in
common, including their capacity to switch from tonic to
burst firing (Grace & Bunney, 1980). The brief increase
in dopamine release resulting from phasic activity is
thought to be of critical functional importance, regulating
acute striatum-dependent behaviour and its long term
adaptation, presumably through the stimulation of D,
receptors (Schultz, 1998; Bromberg-Martin et al. 2010).
However, there is very little direct evidence for the hypo-
thesised ability of striatal neurones to detect short pulses
of dopamine (Gonon, 1997; Tsai et al. 2009). We show here
that MSNs are much more sensitive than cortical neurones
to a brief exposure to dopamine. The functional relevance
of this high sensitivity was revealed by the ability of a
single sub-second exposure to dopamine to induce c-Fos
expression in striatal, but not cortical neurones. Thus, a
phasic dopamine signal encoding a strongly meaningful
reward or salience signal is sufficient to have long-lasting
selective consequences on MSNs. Other factors, such as
the anatomical arrangement of neurotransmitter release
sites and re-uptake mechanisms, may contribute to the
sensitivity of the striatum to phasic dopamine release,
but we demonstrate here the important contribution of
the dynamics of postsynaptic signalling mechanisms to
this remarkable property of the striatum. We suggest that
the fitness provided by this selective sensitivity of striatal
neurones to phasic dopamine release may account for the

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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evolutionary selection of a unique set of signalling proteins
in striatal neurones.
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