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Development/Plasticity/Repair

Barrel Map Development Relies on Protein Kinase A
Regulatory Subunit II3-Mediated cAMP Signaling

Melis Inan,' Hui-Chen Lu,'> Michael J. Albright,> Wei-Chi She,"* and Michael C. Crair':?
Program in Developmental Biology, 2Department of Neuroscience, and *The Cain Foundation Laboratories, Department of Pediatrics, Division of
Neurology/Developmental Neuroscience, Baylor College of Medicine, Houston, Texas 77030

The cellular and molecular mechanisms mediating the activity-dependent development of brain circuitry are still incompletely under-
stood. Here, we examine the role of cAMP-dependent protein kinase [protein kinase A (PKA)] signaling in cortical development and
plasticity, focusing on its role in thalamocortical synapse and barrel map development. We provide direct evidence that PKA activity
mediates barrel map formation using knock-out mice that lack type I13 regulatory subunits of PKA (PKARIIB). We show that PKARII3-
mediated PKA function is required for proper dendritogenesis and the organization of cortical layer IV neurons into barrels, but not for
the development and plasticity of thalamocortical afferent clustering into a barrel pattern. We localize PKARIIS function to postsynaptic
processes in barrel cortex and show that postsynaptic PKA targets, but not presynaptic PKA targets, have decreased phosphorylation in
pkar2b knock-out (PKARIIB /™) mice. We also show that long-term potentiation at TC synapses and the associated developmental
increase in AMPA receptor function at these synapses, which normally occurs as barrels form, is absent in PKARIIB ™'~ mice. Together,
these experiments support an activity-dependent model for barrel map development in which the selective addition and elimination of
thalamocortical synapses based on Hebbian mechanisms for synapse formation is mediated by a cAMP/PKA-dependent pathway that

relies on PKARIIp function.
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Introduction

A significant remaining challenge in developmental neuroscience
is to understand the cellular and molecular mechanisms respon-
sible for the organization of the intricate pattern of neural con-
nections typical of the mammalian forebrain. Topographic maps
of the sensory periphery are useful for this purpose, because even
their gross form reflects the organization of precise underlying
circuitry. Evidence suggests that the development of crude topog-
raphy in these maps requires molecular cues, and map refine-
ment depends, at least in part, on neural activity (Erzurumlu and
Kind, 2001; Kind and Neumann, 2001; Cline, 2003; Lopez-
Bendito and Molnar, 2003). A powerful model to study this pro-
cess is the representation of facial whiskers in the primary so-
matosensory cortex of mice, known as “barrel” cortex. Each
cortical barrel is composed of a barrel “wall” of densely packed
layer IV cortical neurons that orient their dendrites into a cell-
sparse barrel “hollow” occupied by clustered thalamocortical
(TC) axons (TCAs) that relay input from a single whisker
through the ventroposteromedial (VPM) thalamus. Evidence
from a variety of sources, including studies of activity-dependent
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thalamocortical synapse development (Crair and Malenka, 1995;
Feldman and Knudsen, 1998) and examination of various mu-
tant mice with barrel map deficits (Erzurumlu and Kind, 2001;
Kind and Neumann, 2001), suggests that barrel formation relies
on an activity dependent process.

The cellular signaling events triggered by neuronal activity
that influence barrel development are just now being examined in
detail. Studies with “barrelless” (brl) mice, a loss of function
mutant in the gene coding for adenylyl cyclase type I (Adcyl)
(Welker et al., 1996; Abdel-Majid et al., 1998), have focused at-
tention on the role of protein kinase A (PKA) signaling in barrel
map development. Adcyl is a Ca®"/calmodulin-stimulated ad-
enylyl cyclase that catalyzes the formation of cAMP when Ca**
concentrations increase, which occurs as a result of activation of
NMDA receptors (NMDARs) (Wang and Storm, 2003). The
main target of cCAMP is PKA, a kinase strongly implicated in
activity dependent changes in synaptic function related to learn-
ing and memory (Sweatt, 2001; Bauman et al., 2004) and devel-
opmental plasticity (Beaver et al., 2001, 2002; Yasuda et al., 2003;
Fischer et al., 2004; Rao et al., 2004). We previously described
deficits in thalamocortical long-term potentiation (LTP) and
PKA-dependent phosphorylation of AMPA  receptors
(AMPARS) in brl mice, which are likely to play an important role
in activity-dependent barrel map formation (Lu et al., 2003).

The PKA holoenzyme is a tetramer composed of a ho-
modimer of two regulatory subunits (RIe, RIS, Rlle, or RIIB),
each of which binds to one of three catalytic subunits (Ca, CS, or
Cy). Binding of cAMP to the regulatory subunit triggers its dis-
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sociation from the catalytic subunit, which becomes enzymati-
cally active. In the last decade, mice with null mutations of the
genes encoding the various PKA subunits have been generated in
an effort to distinguish the role of different subunits in PKA
activity (Brandon et al., 1997). Although the loss of a subunit is
often compensated for by an increase in expression of other sub-
units, specific functions are perturbed in various PKA subunit
knock-outs (Huang et al., 1995; Qi et al., 1996; Amieux et al.,
1997; Brandon et al., 1998; Thiele et al., 2000; Howe et al., 2002;
Fischer et al., 2004; Rao et al., 2004). Histological studies show
that all PKA subunits are expressed in neurons, but PKARIIB is a
good candidate for providing specificity for PKA activity in neu-
rons because of its low cAMP affinity and restricted subcellular
expression pattern (Cadd and McKnight, 1989; Brandon et al.,
1997).

Using pkar2b knock-out (PKARIIB ~/~) mice, we provide ev-
idence for a direct role of PKA activity in the morphological and
cytoarchitectonic development of cortical layer IV neurons dur-
ing barrel map formation. Our findings also reveal that
PKARIIB-mediated PKA activity is not required for the gross
patterning of TCA development and plasticity. Finally, we show
that long-term potentiation and the associated development of
AMPAR-mediated function at thalamocortical synapses is im-
paired in PKARIIB '~ mice, lending further evidence in support
of the hypothesis that activity-dependent regulation of thalamo-
cortical synapse development by PKA plays an important role in
barrel map formation.

Materials and Methods

Animals and PCR analysis

PKARIIB homozygous knock-out mice of the sixth backcross generation of
the incipient C57BL/6-pkar2b™’~ 98% congenic inbred strain were origi-
nally generated by Dr. Stanley McKnight (University of Washington, Seattle,
WA) (Brandon et al., 1998) and obtained commercially from Taconic Farms
(Germantown, NY). PKARIIB ~/~ mice were generated by a neomycin cas-
sette insertion into the first exon of the pkar2b gene. Experiments were
performed blind to genotype, with littermate controls. With the exception of
the Golgi data, 7 in the text refers to the number of animals, because only one
cell or section per animal was used for analysis. DNA for genotyping was
purified from tails using the DNeasy kit from Qiagen (Valencia, CA). Wild-
type PCR primers (5'-GCAGGATGAGCATCGAG-3’, 5'-TTCGAGA
GTGAGGCGGA-3') produced a 330 base pair (bp) band, and mutant prim-
ers (5'-GCAGGATGAGCATCGAG-3', 5'-TTCGAGAGTGAGGCGGA-
3") produced a 244 bp band. Sixteen to 20 ul volumes were used for PCR
prepared using the PCR kit from Qiagen. The PCR was performed with an
initial denaturation step at 95°C for 5 min and 40 cycles at 94°C for 1 min,
57°C for 1 min, 72°C for 45 s, and a single final cycle at 72°C for 10 min. PCR
products were resolved on a 2% agarose gel and detected with ethidium
bromide.

Histology

Cytochrome oxidase staining. Cytochrome oxidase (CO) is an enzyme of
the mitochondrial electron transport chain that is responsible for most of
the ATP production in cells. Its relative activity in tissue sections, which
can be easily demonstrated by following a simple histochemical proce-
dure (Seligman et al., 1968; Wong-Riley et al., 1978), reveals the pattern
of thalamic afferent clustering into barrels in S1 cortex of rodents
(Wong-Riley and Welt, 1980). It can also be used to detect changes in the
pattern of thalamic afferent clustering into cortical barrels after manip-
ulation of the sensory periphery (Wong-Riley et al., 1980; Lu et al., 2001).
Briefly, barrel cortex was removed following the methods described by
Strominger and Woolsey (1987), fixed and flattened for 2-4 h in 4%
paraformaldehyde (PFA) at room temperature, and cut tangentially
(parallel to layer IV) on a vibratome (VT1000S; Leica, Nussloch, Ger-
many) into 100 um sections and subject to CO staining. Sections were
incubated with CO reaction solution free-floating for 2 h at room tem-
perature or 10—14 h at 4°C. After visual detection of stain, sections were
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washed with PBS three times and mounted with Fluoromount-G (Elec-
tron Microscopy Sciences, Hatfield, PA).

Nissl staining and analysis of barrel cytoarchitecture. Nissl stain, which
marks neuronal nuclei, was used to reveal cortical barrel cytoarchitec-
ture. Briefly, animals were perfused transcardially with ice-cold PBS fol-
lowed by 4% PFA in PBS. Barrel cortex was then removed and flattened
for 4 h in 4% PFA at room temperature and cut tangentially (parallel to
layer IV) on a vibratome (VT1000S; Leica) into 50-um-thick tangential
sections. Sections were then mounted and dried for 1 d on a slide warmer
at 37°C. Slides were dehydrated and rehydrated in graded alcohol, then
fixed in 10% formalin (Sigma, St. Louis, MO) and stained with 0.2%
cresyl violet solution for 15 min. After dehydration with graded alcohol
and xylene, slides were mounted with Cytoseal (Richard-Allen Scientific,
Kalamazoo, MI). The density of neurons in barrel walls and hollows was
determined in three representative barrels (b2, c2, and d2) by marking
the cells within a closed fixed contour drawn using Neurolucida software
(MicroBrightField, Colchester, VT). The average (Avg) cell density of
these three barrels was calculated for each animal and compared between
genotypes. All counts were done blind to the genotype.

Hematoxylin and eosin staining. Whisker pads of the lesioned (right)
and control (left) side were removed from the snout and fixed with 4%
PFA overnight at 4°C. PFA (4%) was exchanged with 30% sucrose for
cryoprotection for 2 d at 4°C. Serial tangential sections of 50 wm were
collected using a cryostat and subjected to standard hematoxylin and
eosin (H&E) staining to examine hair follicle cells.

Golgi staining and analysis of dendrite asymmetry. Golgi stained neu-
rons were obtained using the FD Rapid Golgi Stain kit (FD Neurotech-
nologies, Ellicott City, MD). Tissue was prepared according to the user
manual, and 50 wm serial coronal sections were cut using a cryostat.
Golgi staining was performed following kit instructions, and Nissl coun-
terstaining, used to determine the boundaries of layer IV, was performed
right after Golgi staining and before dehydration, as explained in the kit.
Randomly selected layer IV spiny stellate neurons were examined under
a light microscope at 10X, and dendrites were reconstructed in three
dimensions at 100X with an oil immersion lens using Neurolucida soft-
ware (MicroBrightField) blind to the genotype. Polar graphs that repre-
sent the length of dendritic processes binned every 10° (Fig. 3E,F) were
plotted for each neuron using Neuroexplorer (MicroBrightField). Den-
dritic asymmetry was evaluated from the polar plots by calculating the
dendritic length in the hemisphere (180°) with the greatest density of
dendrites relative to the total dendritic length in a given neuron. Spiny
stellate neurons with a dendritic asymmetry of 0.75 and above were
accepted to have a dendritic orientation bias. Other parameters such as
total dendritic length, spine density, and dendritic field span were also
determined using Neuroexplorer (MicroBrightField).

Sensory manipulations

C row of whiskers and whisker follicles from postnatal day 1 (P1) and P5
animals were cauterized with a surgical cautery device (Malis Bipolar
Coagulator & Cutter; model CMC II; Codman, Piscataway, NJ). Pups
were anesthetized on ice, and whiskers on the right side were visualized
under a light microscope. After cauterization, the pups were revived in a
warmed, oxygenated chamber and returned to their mother. The animals
were then killed at P12-P14 for CO and H&E staining (see above). Ani-
mals with lesions that spread beyond row C, or did not include at least the
first four whiskers in row C, as revealed by the H&E staining, were ex-
cluded from analysis.

For quantification of barrel map plasticity, the width of CO-stained
whisker barrels corresponding to the b1, b2, b3, c1, ¢2, ¢3,d1, d2, and d3
whiskers were measured using Image] Software (W. S. Rasband, National
Institutes of Health, Bethesda, MD). The ratio of the average width of
C-row whisker barrels (cl1-c3) relative to the B- and D-row whisker
barrels (b1-b3 and d1-d3) was used to quantify a map plasticity index
(MPI) defined as follows: MPI = 2 X [Avg(cl, c2, ¢3)]/[Avg(bl, b2,
b3) + Avg(dl + d2 + d3)].

PKA activity assay
PKA activity was measured in total tissue homogenates as a ratio in the
presence and absence of cAMP using the SignaTECT cAMP-dependent
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protein kinase assay kit (Promega, Madison, WI). Briefly, somatosensory
cortex was removed at P11 and homogenized in ice-cold homogeniza-
tion buffer (0.32 M sucrose, 10 mm HEPES, pH 7.4) with protease and
phosphatase inhibitor mixtures (Sigma) on the same day as the activity
test. One gram of tissue was homogenized in 5 ml of homogenization
buffer. Appropriate dilutions were prepared in 0.1 mg/ml BSA, and the
reaction was performed following the steps clearly explained in the kit. A
control reaction without substrate was also run for each sample to deter-
mine the background radioactivity, which was counted using a scintilla-
tion counter.

Protein analyses

Antibodies. The following primary antibodies were used: PKARIIS (at
1:1000 dilution for immunoblotting and 1:500 for immunohistochemistry)
and PKAC (1:1000) from PharMingen (San Diego, CA); serotonin trans-
porter (5-HTT; 1:250) from Immunostar (Hudson, WI); microtubule-
associated protein (MAP2; 1:1000) from Sternberger (Lutherville, MD); ac-
tin (1:750) from Sigma; phospho-synapsin (Ser9) (1:1000) from Cell
Signaling Technology (Beverly, MA); phospho-MAPK (mitogen-activated
protein kinase; 1:1000) from Chemicon (Temecula, CA); phospho-Rim (1:
1000) from Dr. G. Lonart (Eastern Virginia Medical School, Norfolk, VA);
phospho-glutamate receptor 1 (phospho-GluR1; 1:1000), phospho-
NMDAR subunit 1 (phospho-NR1; 1:1000), and GluR1 (1:1000) from Up-
state Biotechnology (Lake Placid, NY); Rim (1:1000) and NR1 (1:5000) from
Synaptic Systems (Gottingen, Germany). The following secondary antibod-
ies were used: mouse IgG-HRP (1:20,000) and rabbit I[gG-HRP (1:12,500)
from Pierce (Rockford, IL); mouse IgG—Alexa 488 (1:500), mouse 1gG—
cyanine 3 (Cy3) (1:500), rabbit IgG—Alexa 488 (1:500) from Invitrogen (San
Diego, CA).

Immunoblotting. Barrel cortex was isolated from P11 mice and ho-
mogenized in homogenization buffer with protease and phosphatase
inhibitor mixtures (Sigma). Subcellular fractions were acquired as de-
scribed previously (Lu et al., 2003). Briefly, the homogenates were cen-
trifuged at 800 X g for 10 min and the pellet was saved as P1, which is
enriched with cell bodies. The supernatant was then centrifuged at
7100 X g for 15 min to yield pellet P2, the synaptosome-enriched frac-
tion. Synaptosome enrichment was confirmed by probing different frac-
tions with antibodies for synaptic marker proteins [e.g., PSD-95
(postsynaptic density-95)]. Protein concentrations were measured with
Bradford assay using Bio-Rad (Hercules, CA) protein assay kit II. Twenty
micrograms of total protein were loaded into 5-20% gradient SDS-PAGE
gels and electrophoretically transferred to nitrocellulose membranes (Crite-
rion system; Bio-Rad). Primary antibodies against the protein in question
were applied and the signal detected with HRP-conjugated secondary anti-
bodies. Immunoreactivity was quantified with ECL pico (Pierce), and den-
sitometric quantification was performed with Optiquant software (Packard
Bioscience, Meriden, CT) by background subtracting and normalizing band
intensities to the wild-type band in each set. When using PKA site-specific
antibodies, quantification was performed by comparing the level of phos-
pho-specific antibody to the activity of antibodies against the total protein.
Otherwise, quantification was performed relative to actin, which is expressed
at consistent high levels throughout barrel development.

Immunofluorescence and colocalization analysis. Mice were perfused as
explained above, and the brain was removed and fixed overnight at 4°C.
One hundred micrometer sections in the thalamocortical plane were cut
with a vibratome, and sections remained free-floating for all incubations
and washes. Briefly, tissues were permeabilized with 0.7% Triton X-100
in PBS for 20 min, incubated with 0.1 M glycine for 30 min, and then
blocked with 1% normal goat serum (NGS) and 2 mg/ml BSA in PBS
containing 0.01% Triton X-100 (PBST). Sections were then transferred
to the primary antibody for incubation overnight at 4°C with appropriate
dilution in PBST with 1% NGS. After washing six times in PBST, sections
were incubated in the secondary antibody for 2 h at room temperature
then washed again six times. 4',6'-Diamidino-2-phenylindole (300 nm)
was often applied to label nuclei, followed by a wash and postfix of the
sections with PFA, and then mounting with Fluoromount-G (Electron
Microscopy Sciences). Immunolabeling was visualized with a fluores-
cence microscope, and images were collected with a Leica DM confocal
scanning microscope using 10, 20, and 63 X water immersion lenses with
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the channels for Cy3 (red) and Alexa488 (green) used sequentially. Each
image was acquired with the laser intensity adjusted to prevent over-
saturation. For double-labeling with two antibodies made in different
species, a mixture of the antibodies against the two proteins was applied
at once. If the two antibodies were made in the same species, the primary
antibodies were applied sequentially. Colocalization of antibodies that
mark either presynaptic (5-HTT) or postsynaptic (MAP2) processes with
an antibody for PKARIIB was performed on 63X images using the colo-
calization finder function in Image]J.

Slice electrophysiology

Acute TC slices were prepared as described previously (Lu et al., 2001).
The artificial CSF (ACSF; in mm: 124 NaCl, 5 KCl, 1.25 NaH,PO,, 1.3
MgSO,, 2 CaCl,, 26 NaHCOs, and 11 glucose, pH 7.2,290-300 mOsm)
was saturated with 95% O, and 5% CO,. The whole-cell recording solu-
tion contained the following (in mm): 99 cesium gluconate, 17.5 CsCl, 8
NaCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.3 GTP, 7 phosphocreatine, and
10 BAPTA. BAPTA was included in the pipette to prevent inadvertent
potentiation of the postsynaptic neuron.

Stimuli were applied to the ventrobasal thalamus through bipolar
sharpened and insulated stainless-steel microelectrodes (Frederick Haer
Company, Bowdoinham, ME). Data were collected and analyzed on-line
using a computer-driven acquisition system (National Instruments,
Austin, TX) and software that was written under the Igor (WaveMetrics,
Lake Oswego, OR) programming environment.

Input—output analysis of synaptic transmission using field potential
recordings was conducted with a range of stimulus intensities (0—850 wA
with 50 wA intervals). The nonspecific glutamate receptor antagonist
kynurenic acid (10 mm) (Sigma) was routinely added to the perfusate at
the end of the recordings to ensure the identification of fiber volley and
synaptic response was correct. Fiber volley amplitudes and field EPSP
slopes were averaged for 20 sweeps at each stimulus intensity.

EPSCs were measured in voltage-clamp mode using in vitro whole-cell
voltage-clamp recording techniques following published protocols (Lu
et al., 2001). To evaluate and monitor the health of the cell, input and
series resistances were continuously monitored, with cells that had <300
M) input resistance or drifted >20% discarded. Only responses that
exhibited short and constant latencies that did not change with increas-
ing stimulus intensity were considered monosynaptic. Because the re-
sponses in young cells tend to drift down if the stimulation intensity or
the stimulation frequency is high, half-saturating stimulation strength
with a relatively low stimulation frequency (10—15 ms interval) was used
to evoke stable EPSCs. Before any experimental manipulation, 10-15
min of stable baseline response was acquired. EPSC amplitudes were
calculated by subtracting the mean current during a fixed 3—4 ms win-
dow before the stimulus artifact from the mean current during a similar
window at the peak of the EPSC.

To measure the AMPAR/NMDAR current ratio, which is a gross mea-
sure of the relative contribution of AMPA and NMDA receptor-
mediated currents across a population of synapses, we first isolated the
AMPA response by voltage clamping the cell at hyperpolarized mem-
brane potentials (—70 mV) while stimulating the thalamus. We then
depolarized the cell to +40 mV to relieve the Mg>" block of the NMDAR
and added 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (10
M) (Tocris Cookson, Ballwin, MO) to the perfusate to block AMPA and
kainate receptors, leaving a pure NMDAR response. These experiments
were done at normal (half-saturating) stimulus strength as a gross mea-
sure of the relative amplitude of the AMPAR and NMDAR currents
(Crair and Malenka, 1995; Lu et al., 2001, 2003) in the presence of
GABAergic antagonists (0.1 mM picrotoxin, cesium ions in the whole-cell
solution block GABAj, responses).

For analysis of AMPA “evoked miniature” events, stable whole-cell
voltage-clamp recordings were established at —70 mV holding potential,
and the Ca?" in the ACSF was exchanged for Sr*". Sr**-based ACSF
desynchronizes release, allowing isolated evoked miniature currents to
be analyzed (Xu-Friedman and Regehr, 1999). Evoked miniature events
were recorded in 1 s epochs every 2 s in Igor Pro using ACSF (2 mm Sr2™)
containing 100 uM picrotoxin and 50 um D-AP-5 (Tocris Cookson) to
eliminate inhibitory currents and possible NMDAR current contamina-
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Figure 1.  Reduced PKA activity in somatosensory cortex of PKARIIB /™ mice. A, The ratio

of PKA activity measured in the presence (- cAMP) and absence (basal) of cAMP is significantly
reduced in P11 somatosensory cortex of PKARIB ~/~ (KO) mice compared with wild-type (WT)
controls (histograms on left; *p << 0.005, ¢ test). PKA activity was measured in tissue homoge-
nates from somatosensory cortex using a protein kinase assay kit (Promega). PKAC protein
levels are also significantly reduced in PKARII3 ~/~ compared with wild-type littermate con-
trol mice (histograms on right; *p << 0.071, t test). B, Example Western blots of synaptosomes
prepared from P11 somatosensory cortex of PKARIIB ~/~ mice and their wild-type littermate
controls using anti-PKARII3 and anti-PKAC antibodies. Actin is used to normalize the protein
amount. As expected, PKARII3 '~ mice have no PKARII3 expression. Error bars show SEM.

tion, respectively. Data was imported into Mini Analysis (Synaptosoft,
Decatur, GA), amplitude thresholds were set at 2.5 times root mean
square (RMS) noise, and at least 80 events were identified and used for
analysis in each cell. Temporal windows were chosen to represent both
the fast and slow components of miniature event decay times. A signifi-
cant advantage of measuring “evoked minis” is that the population is
dominated by TC synapses, as opposed to measuring spontaneous minis
in TTX, which is a random sample of all synapses on the cell.

LTP was induced using a pairing protocol, in which postsynaptic de-
polarization is “paired” with presynaptic stimulation in whole-cell
voltage-clamp mode (Lu etal., 2001). For these experiments, BAPTA was
excluded from the pipette solution, and EPSCs from somatosensory cor-
tex layer IV neurons elicited with thalamic stimulation were recorded at
—70 mV until a stable baseline of 6—10 min was obtained. Pairing was
then initiated by switching to a holding potential of —10 mV and stim-
ulating at 1 Hz for 100 s. The holding potential was then switched back to
—70 mV after pairing. The percentage of EPSC change was calculated as
the mean EPSC amplitude of 20 sweeps at 20 min after pairing minus the
mean EPSC amplitude of 20 sweeps right before pairing (baseline ampli-
tude) divided by the baseline amplitude.

Results

PKA activity and catalytic subunit protein levels are reduced
in PKARIIB ™'~ mice

PKARIIB ~/~ mice lack a regulatory subunit that controls PKA
signaling activity. Because binding of PKA regulatory subunits to
PKA catalytic subunits renders the PKA holoenzyme inactive,
one would naively expect an increase in PKA activity in
PKARIIB ~/~ mice. However, previous studies show that PKA
activity is actually reduced in PKARIIB ~/~ mice (Brandon et al.,
1997) because of the rapid degradation of catalytic subunits in the
absence of a regulatory subunit (Amieux et al., 1997; Brandon et
al., 1998).

We examined how PKA activity was affected in the developing
somatosensory cortex of PKARIIB ~/~ mice using tissue homog-
enates from P11 somatosensory cortex of PKARIIB ™'~ mice
(n = 3) and wild-type controls (n = 3). When compared with
wild types, knock-outs had a significant reduction in stimulated
PKA activity (ratio of PKA activity in the presence and absence of
cAMP) (2.55 * 0.07 vs 1.32 = 0.03; p << 0.005; ¢ test) (Fig. 1 A).
We also measured PKAC protein levels in synaptosomes pre-
pared from P11 somatosensory cortex of PKARIIB ™'~ mice and
wild-type littermate controls using Western blot analysis (Fig.
1A,B). Quantification demonstrated that PKAC subunit protein
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Figure 2.  Organization of layer IV neurons but not thalamocortical axon clustering is dis-
rupted in PKARIB ™'~ mice. A, B, Tangential sections from P16 wild-type (4) and
PKARIIB ~/~ (B) mice stained with CO (n = 6 for both genotypes). Posteromedial whisker
barrel patterns (white box in A) are indistinguishable between genotypes. (, D, Tangential
sections from P7 wild-type (€) and PKARIIB ~/~ (D) mice immunostained with anti-5-HTT
antibody (n = 4 for both genotypes), which selectively labels thalamocortical afferents. The
barrel pattern is again indistinguishable between genotypes, showing that the gross patterning
of thalamocortical afferents in PKARIIBZ ~/~ mice is similar to that of wild types. E, F, Niss|
stained tangential sections from P16 wild-type (E) and PKARIIB ~/~ (F) mice. In wild-type
mice (E), layer IV neurons organize into a barrel wall and hollow pattern characteristic of rodent
somatosensory cortex. In PKARIIB '~ mice (F), only a very rudimentary barrel patter is
visible in posteromedial barrel field. Quantification confirms that the density of neurons in the
barrel wall relative to the barrel hollow is significantly higher in wild-type mice than in
PKARIIB ~/~ littermate mice (1.76 = 0.05 in n = 4 wild-type mice; 0.93 =+ 0.05inn = 4
PKARIIB ~/~ mice; p < 0.001, t test). Scale bars, 500 m.

levels are lower in PKARIIB ~/~ somatosensory cortex compared
with wild-type controls (0.49 = 0.06; n = 5 pairs; p << 0.01; ¢
test). These data show that a decrease in the basal level of catalytic
subunit protein likely causes a reduction in PKA activity in the
developing somatosensory cortex of PKARIIB '~ mice.

Layer IV barrel cytoarchitecture is disturbed in

PKARIIB ™'~ mice

Barrels are composed of the clustered arbors of thalamocortical
afferents and a surrounding ring of neurons in layer IV of the
somatosensory cortex. We examined the clustering of presynap-
tic TCAs and the organization of postsynaptic layer IV neurons in
tangential sections from flattened somatosensory cortex of P14—
P21 PKARIIB '~ mice and wild-type littermate controls (Fig. 2).
CO staining, a standard method for visualizing barrels (Seligman
etal., 1968; Wong-Riley and Welt, 1980; Wong-Riley et al., 1978),
showed that clustering of PKARIIB '~ TCAs (1 = 6) is compa-
rable with that of wild-type littermate controls (n = 6) (Fig.
2A,B). TCAs transiently express 5-HTT during barrel develop-
ment (Lebrand et al., 1996, 1998; Hansson et al., 1998; Datwani et
al., 2002). No difference in the TCA barrel pattern was observed
using an antibody against 5-HTT in tangential sections through
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somatosensory cortex of younger animals (P5-P7) either (n = 4
for both genotypes) (Fig. 2C,D). In contrast, Nissl staining of
tangential sections through barrel cortex, which reveals the pat-
tern of postsynaptic neurons, showed that the organization of
layer IV neurons into barrels is disturbed in PKARIIB '~ mice
(Fig. 2E,F). We quantified the barrel cytoarchitecture defect by
measuring the relative density of neurons in barrel walls and
hollows. As reported previously in wild-type mice (Pasternak and
Woolsey, 1975), the cell density in barrel walls is much higher
than in barrel hollows (ratio of 1.76 * 0.05; n = 4), whereas in
PKARIIB /" mice, there is no difference in cell density between
the wall and hollow (0.93 = 0.05; n = 4; p < 0.001 for difference
between PKARIIB ~/~ and wild type, f test).

In addition to forming cytoarchitectonic barrel walls in so-
matosensory cortex, layer IV neurons also preferentially orient
their dendrites toward a barrel hollow, presumably to make syn-
apses with thalamocortical afferents relaying information from
one facial whisker (Woolsey et al., 1975; Datwani et al., 2002). We
examined whether dendritic asymmetry in spiny stellate cells, a
layer IV cell type known to have oriented dendrites (Harris and
Woolsey, 1979, 1983), was impaired by the loss of PKARIIS func-
tion in the PKARIIB ~/~ mice (Fig. 3). Dendrites of Golgi stained
neurons in wild-type mice typically show substantial dendritic
asymmetry (Fig. 3A, B,G), with only 16% of neurons lacking ori-
entation bias (Fig. 3I) (arbitrarily defined as dendritic asymmetry
<75%; see Materials and Methods). In contrast, 65% of layer IV
neurons in PKARIIB ~/~ mice lacked orientation bias (Fig. 3]),
resulting in significantly less dendritic asymmetry in
PKARIIB '~ (0.71 = 0.02; n = 20 cells from four animals) (Fig.
3G) compared with wild-type neurons (0.81 * 0.02; n = 19 cells
from four animals; p < 0.01; ¢ test). The span of dendrites in
PKARIIB '~ mice (249.43 + 31.77 um; n = 20) was also signif-
icantly broader than in wild-type neurons (174.24 = 11.96 pum;
n = 19; p < 0.05; t test) (Fig. 3H), which is consistent with the
barrel cytoarchitectonic deficits in these mice. Other dendritic
parameters, including total dendritic length (PKARIIB */* mice,
746.2 = 77.6 pm, n = 19; PKARIIB '~ mice, 988.7 = 113.1 um,
n = 20) and spine density (PKARIIB*'* mice, 0.22 + 0.02 per
pum, n = 19; PKARIIB_/_ mice, 0.19 = 0.02 per um, n = 20),
were normal in PKARIIB '~ mice. In total, these data show that
in PKARIIB ~/~ mice, presynaptic thalamic afferents form a nor-
mal barrel pattern, but postsynaptic layer IV neurons organize
into rudimentary barrel patches with dramatically disturbed neu-
ronal morphology and cytoarchitecture.

PKARII has a preferred postsynaptic expression in

barrel cortex

To gain some insight into the locus of action of PKARIIS-
mediated PKA signaling in barrel development, we examined the
pattern of PKARIIS expression in barrel cortex during the time
barrels are forming. Previous studies using in situ hybridization
and immunohistochemistry on adult mice showed that PKARIIS
is expressed strongly in neocortex but is expressed relatively
weakly in the thalamus (Cadd and McKnight, 1989; Glantz et al.,
1992). In wild-type thalamocortical slices stained with an anti-
PKARIIB antibody, we found that PKARIIf is present in layer IV
at P3 (data not shown) and is enriched in a barrel pattern when
the barrels emerge at around P5 (Fig. 4B, C).

To examine the subcellular localization of PKARIIB, we
double-labeled wild-type thalamocortical slices with antibodies
for PKARIIB and presynaptic or postsynaptic markers. Coimmu-
nostaining of P5 wild-type thalamocortical slices with antibodies
for PKARIIB and 5-HTT, which mark presynaptic terminals on
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Figure 3.  Layer IV spiny stellate neurons in PKARII3 '~ mice have less orientation bias
than wild-type littermate controls. A-D, Examples of Golgi-stained layer IV spiny stellate neurons at
low magnification (left) and their computer-aided reconstructions (right) in wild-type (4, B) and
PKARIB '~ (C, D) mice at P14. E, F, Polar graphs of the dendrites of neuronsillustrated in B and D
(see Materials and Methods). G, PKARII3 /= (KO) mice (0.71 == 0.02; 20 neurons from 4 animals)
have significantly lower (*p << 0.01; ¢ test) dendritic asymmetry compared with wild-type (WT)
littermate controls (0.81 == 0.02; 19 neurons from 4 animals). Dendritic asymmetry, which must be
=(.5, is defined as the ratio of the dendritic length in the hemisphere with the greatest density of
dendrites relative to the total dendritic length. H, Dendritic field span, the greatest distance between
the most distal dendrite tips of a particular layer IV spiny stellate neuron, is significantly higher (*p <
0.05; ttest) in PKARII 3 /= (KO) mice (249.43 = 31.77 um) compared with wild-type (WT) litter-
mate controls (174.24 == 11.96 um). 1,J, Pie charts showing the percentage of cells with and without
orientation biasin PKARII3 ~/~ (J) and wild-type littermate control mice (I). Layer IV spiny stellate
neurons are defined to have an orientation bias if their dendritic asymmetry is =0.75 (see Materials
and Methods). Scale bar, 50 em. Error bars indicate SEM.

thalamocortical synapses, showed little colocalization (7.1 =
2.2%; n = 4) (Fig. 4D-F). Similar results were obtained with
antibodies to other presynaptic molecules, such as synapsin and
GAP43 (data not shown). However, MAP2, a commonly used
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PKARIIB is extensively colocalized with postsynaptic but not presynaptic markers. A, Control immunostaining of a P5 PKARII3 ~/~ thalamocortical slice with anti-PKARII3 antibody

reveals that this antibody is specific to PKARII 3. B, C, Cortical expression of PKARII3 was examined by labeling wild-type thalamocortical (B) and tangential (C) slices with anti-PKARII3 antibody.
PKARIIB is expressed in layer IV as it delaminates from layer II/Ill at P3 (data not shown) and forms a barrel pattern when barrels emerge at around P5 (B, €). DI, Presynaptic and postsynaptic
localization of PKARII3 was examined by coimmunostaining P5 wild-type thalamocortical slices using anti-5-HTT (D-F) and anti-MAP2 (G-1) antibodies, respectively, together with an anti-
PKARII B antibody. D, Low-magnification image of a single barrel stained with a 5-HTT antibody (green) to label presynaptic thalamocortical terminals and a PKARII3 (red) antibody and their
merged image. At low magnification, both show a clear barrel pattern. E, Merged image of the barrel in D (white box) at 63X magnification. F, A 4X zoom of white-boxed area in E. G,
Low-magnification image of a single barrel labeled with a MAP2 antibody (green) to mark postsynaptic dendrites and a PKARII3 antibody (red) and their merged image. H, Merged image of the
barrelin G (white box) at 63 X magnification. /,4X zoom of white-boxed area in H. Colocalization analysis of high-magnification images using ImageJ shows that PKARII 3 expression colocalizes
significantly more ( p << 0.05; ¢ test) with MAP2 (28.8 == 7.5%; n = 4) than with 5-HTT (7.1 == 2.2%; n = 4). LIV, Layer IV; LV, layer V. Scale bars: A-C, 500 m; D, G, 100 wm; E, H, 40 pum;

F, 1,10 m.

dendritic marker (Bernhardt and Matus, 1984; De Camilli et al.,
1984), was extensively colocalized with PKARIIS (28.8 = 7.5%;
n = 4; p < 0.05 for the difference between colocalization of
PKARIIB and 5-HTT and MAP?2; ¢ test) (Figs. 4G—I). These re-
sults indicate that PKARIISB is preferentially localized in the
postsynaptic terminal of layer IV neurons, which is consistent
with the layer IV barrel phenotype in PKARIIB ~/~ mice.

AMPAR/NMDAR current ratio does not increase with
development in PKARIIB '~ mice

Thalamocortical synaptic transmission assayed using field poten-
tial recordings in a thalamocortical brain slice was grossly normal

in PKARIIB /™ mice (Fig. 5A—C). In particular, the input-out-
put curve, which measures synaptic response from a large popu-
lation of neurons in layer IV of barrel cortex as a function of
thalamocortical fiber volley amplitude caused by thalamic
(VPM) stimulation, was indistinguishable in wild-type controls
and PKARIIB ~/~ mice at P6-P7 (n = 8 and n = 4, respectively)
(Fig. 5C). This shows that there is no gross defect with functional
thalamocortical synaptic innervation of layer IV in barrel cortex
of PKARIIB '~ mice.

We used whole-cell voltage-clamp techniques to examine glu-
tamatergic synaptic transmission at TC synapses. In wild-type
mice, the ratio of AMPAR-mediated to NMDAR-mediated cur-
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mice. A-C, Input- output analyses of extracellular field potential recordings indicate no differ-
ence in gross synaptic transmission between wild-type and PKARII3 ~/~ thalamocortical syn-
apses. A, B, Sample average responses at different stimulation strengths of P6 wild-type and
PKARIIB ~/~ mice. The arrowhead shows the fiber volley, and the arrow shows the postsyn-
apticresponse. €, Input— output curves in wild-type (black; n = 8) and PKARIB ~/~ (red; n =
4) mice at P6—P7 are similar. Regression analysis for wild types (green) and PKARIIB ~/~
(blue) show no significant difference at 95% confidence interval (dashed lines overlap). D—F,
Sample whole-cell voltage-clamp measurements of AMPAR-mediated and NMDAR-mediated
thalamocortical EPSCs in a P10 wild-type littermate control (D) and P10 PKARIIB ~/~ (E)
mouse. F, Overlay of the responses in D and E scaled so that the NMDAR currents are the same
amplitude. Note the AMPAR-mediated EPSC in PKARIIB ~~ animal is small in comparison to
the littermate control. G, Summary quantification of AMPAR/NMDAR current ratios for different
age groups and different genotypes. The AMPAR/NMDAR current ratio of wild-type animals
increases significantly with age (*p << 0.05; ¢ test). However, this increase is absent in
PKARIIB ~/~ (KO) mice (p = 0.27;  test). The AMPAR/NMDAR current ratio of P9—P11
PKARIIB ~/~ mice is also significantly lower than that of P9—P11 wild-type (WT) littermate
controls (*p << 0.05; t test). Error bars indicate SEM.

rents (AMPAR/NMDAR current ratio) increases during the first
week after birth (0.47 = 0.04, n = 5 for P4-P7;2.12 + 0.5,n =6
for P9-P11; p < 0.05; ¢ test) (Fig. 5G), which is typical of gluta-
matergic synaptic development at many central synapses (Crair
and Malenka, 1995; Wu et al., 1996; Lu et al., 2001). We previ-
ously showed in brl mice that the AMPAR/NMDAR current ratio
remained small during TC synapse development, but it was un-
clear whether this was specifically attributable to the absence of
c¢AMP-PKA signaling in postsynaptic layer IV neurons (Lu et al.,
2003). Because of the exclusive postsynaptic barrel map defect of
PKARIIB /" mice and the preferable postsynaptic expression
pattern of PKARIIB, PKARIIB ~/~ mice provided us an opportu-
nity to analyze the effect of lowered PKA activity in layer IV
neurons on TC synapse maturation. In PKARIIB ~/~ mice, the
normal developmental increase in AMPAR/NMDAR current ra-
tio failed to occur (0.68 * 0.18, n = 9 for P4—-P7;0.91 = 0.05, n =
8 for P9-P11; p = 0.27; ttest), and the AMPAR/NMDAR current
ratio remained small ( p < 0.05 for wild type vs PKARIIB /™ at
P9-P11; ¢ test) (Fig. 5D-G), which is similar to what was ob-
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served in brl (Lu et al., 2003). These results indicate that the
increase in AMPAR/NMDAR current ratio during TC synapse
maturation is mediated by postsynaptic PKA function and inter-
fering with this function impairs postsynaptic barrel map
formation.

AMPAR-evoked miniature currents are small at PKARIIB ™/~
TC synapses

Theoretically, the small AMPAR/NMDAR current ratio in
PKARIIB ~’~ mice could be attributable to small AMPAR-
mediated currents or large NMDAR-mediated currents or both.
We examined miniature AMPAR-mediated synaptic currents
(“AMPA minis”) in P9-P11 mice to determine whether AMPAR
currents are specifically affected by the loss of PKARIIS function.
Substitution of Ca*" with Sr** in the extracellular ACSF leads to
areduction in synchronous evoked response and the appearance
of delayed miniature responses as a result of the persistence of
asynchronous quantal release (Xu-Friedman and Regehr, 1999)
(Fig. 6A,B). This makes Sr*>" a useful tool to analyze evoked
miniature EPSCs (evoked mini-EPSCs). Evoked mini-EPSCs in
PKARIIB /™ neurons (n = 6) were on average smaller than com-
parable wild-type neurons (n = 7; 7.3 % 0.59 vs 10.6 = 1.3 pA;
p < 0.05; t test) (Fig. 6C, inset). Comparison of the evoked mini-
EPSC amplitude histograms shows a shift in the peak of the dis-
tribution, with the histogram in PKARIIB ~/~ mice peaking at a
smaller amplitude than wild-type littermate controls (Fig. 6C). In
addition, wild-type controls often had responses with very large
amplitudes (Fig. 6 A, C). The mean cumulative probability distri-
butions also revealed a shift in evoked mini EPSCs in
PKARIIB ~/~ mice toward smaller amplitudes compared with
wild-type littermate controls (Fig. 6 D). The difference between
genotypes was not caused by an intrinsic difference in RMS noise
levels (1.98 = 0.06 vs 2.06 = 0.09 pA; p = 0.45; t test). These
results indicate that in the absence of PKARIIB-mediated PKA
signaling, the number of functional AMPARs at TC synapses is
lower on average, leading to smaller AMPAR mediated currents.

LTP is impaired at developing thalamocortical synapses in
PKARIIB ™'~ mice

The lack of a developmental increase in AMPAR currents could
be attributable to deficits in thalamocortical LTP at developing
thalamocortical synapses in PKARIIB /™ mice (Lu et al., 2003).
In this scenario, the cellular mechanisms responsible for LTP
mediate the increase in AMPAR currents during thalamocortical
synapse development via PKA-mediated phosphorylation of
AMPA receptor subunits (Ehlers, 2000; Lee et al., 2000, 2003;
Esteban et al., 2003). We examined this possibility using a stan-
dard LTP pairing protocol in thalamocortical slices from P4-P6
PKARIIB ™/~ and wild-type littermate control mice (Fig. 7). In
wild-type mice, pairing induced a robust potentiation of
thalamocortical response (Fig. 7A,C,D) (122.96 * 41.04%; n =
7). In contrast, neurons in littermate PKARIIB '~ mice showed
significantly less potentiation (1.59 % 6.92%; n = 5; p < 0.05; ¢
test) (Fig. 7B—D). This suggests that an activity-dependent pro-
cess that is mediated by PKARIIP is responsible for the normal
functional development of thalamocortical synapses.

Phosphorylation of postsynaptic but not presynaptic PKA
targets is reduced in PKARIIB ™'~ mice

There are a number of PKA targets in the presynaptic and
postsynaptic terminal of thalamocortical synapses that are poten-
tially affected by decreased PKA activity in PKARIIB ™'~ mice.
We examined the phosphorylation levels of several of the most
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PKARIIB ~/~ mice, reinforcing a postsyn-

P10 PKARIIB™- ; , ,
aptic function for PKARIIB during barrel

map formation.

PKARIIB ™'~ mice have normal TCA
map plasticity
Another important feature of cortical
maps is their developmental plasticity, in
which the size of cortex devoted to a par-
ticular peripheral sense organ changes if
the pattern of sensory input changes. For
example, if one row of whiskers is re-
moved during the first week after birth,
the area of cortex devoted to this row will
shrink and the neighboring rows will ex-
pand at the expense of the deprived row.
In mammals, cortical maps have a critical
period for this type of plasticity. In mouse
barrel cortex, the critical period (PO—P5) co-
incides with barrel map formation. There-
fore, it is intriguing to investigate whether
barrel map development and plasticity are
mediated by common molecular pathways.
Recently, map plasticity in visual cor-
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Figure6.  Small AMPAR mini-EPSCs at PKARII3 '~ thalamocortical synapses. 4, B, Sample traces of evoked AMPAR-mediated
current responses in Ca** —ACSF (gray) and St —ACSF (black) from recordings in P9—P11 PKARIIB ~/~ (B) and wild-type
littermate control () neurons. In the presence of Sr>* —ACSF, responses to evoked synchronous release is lower and quantal
events (evoked mini-EPSCs) in response to asynchronous release appear. The amplitudes of these quantal events are smaller on
average in PKARIIB /™ mice. C, Average frequency histogram of evoked mini-EPSCs. The PKARIIB ~/~ histogram (white bars)
peaks at a smaller amplitude than wild-type littermate controls (gray bars), which have a longer large amplitude tail. Inset, Mean
evoked mini-EPSC amplitude is significantly lower (*p << 0.05; ¢ test) for PKARIIB ~/~ mice (white) with respect to wild-type
littermate controls (gray). D, The cumulative probability distribution in PKARIIB ~/~ (K0) animals (black) also shows a shift
toward smalleramplitudes compared with wild-type (WT) littermate controls (gray). Comparison of root mean square noise shows

no difference (p = 0.45; t test) between genotypes (data not shown). Error bars indicate SEM.

prominent targets, some of which have demonstrably reduced
phosphorylation in brl mice (Lu et al., 2003, 2006). Western blot
analysis on synaptosomes prepared from P11 somatosensory cor-
tex of major presynaptic PKA targets, including phospho-
synapsin (at Ser 9) and phospho-Rim, shows no difference be-
tween PKARIIB ™'~ mice and wild-type littermate controls
(0.91 = 1.66, p = 0.26 and 1.03 = 0.07, p = 0.56, respectively; t
test; n = 5 for both). In contrast, phosphorylation of two postsyn-
aptic PKA targets, GluR1 (at Ser 845) and NR1 (at Ser 897), had a
significant reduction in PKARIIB /™ mice compared with wild-
type littermate controls (0.45 = 0.1 and 0.61 = 0.08, respectively;
n = 4; p < 0.005 for both; ¢ test) (Fig. 8 A, B). PKA also regulates
MAPK signaling in neurons (Morozov et al., 2003; Waltereit and
Weller, 2003). However, analysis of phosphorylation levels with
an anti-phospho MAPK [extracellular signal-regulated kinase
(ERK)] antibody that recognizes both p42ERK and p44ERK
showed no significant difference between genotypes (1.23 £ 0.34;
n=5;p = 0.51; t test) (Fig. 8A). These data are consistent with
the small AMPAR-mediated currents we observe physiologically,
because PKA phosphorylation of GluR1 through an LTP-like
process is known to regulate AMPAR trafficking at the synapse
(Ehlers, 2000; Lee et al., 2000, 2003; Esteban et al., 2003). The
reduced PKA phosphorylation of postsynaptic but not presynap-
tic targets is also consistent with the postsynaptic localization of
PKARIIB and the postsynaptic barrel phenotype observed in

Amplitude (pA)

tex (ocular dominance plasticity) was
shown to be defective in PKARIIB '~
mice (Fischer et al., 2004). Because PKA-
RIIB '~ mice have poorly formed barrel
(Nissl) maps, we were unable to quantita-
tively examine cytoarchitectural plasticity
in PKARIIS ~/~ mice. However, TCA
clustering is grossly normal in PKA-
RIIB /" mice, so we examined map plas-
ticity of TCA clustering using cytochrome
oxidase stain in PKARIIB ™/~ mice by re-
moving a row of whiskers at P1 (Fig. 9A—
D,H) or P5 (Fig. 9E,F,H). We found that
PKARIIB /™ mice have a similar degree
of thalamocortical map plasticity (MPI) as wild-type littermate
control mice at P1 (MPI for wild type, 0.22 = 0.04, n = 5; MPI for
PKARIIB /" mice, 0.23 + 0.02, n = 7; p = 0.93; t test) (Fig. 9H).
Thalamocortical map plasticity is significantly reduced in both
PKARIIB ~/~ (1.00 = 0.03; n = 4) and their wild-type littermate
control (1.03 £ 0.03; n = 4; p = 0.57 for difference between
PKARIIB ~/~ and PKARIIB */*; t test) mice by P5. This suggests
that loss of PKARIIB does not affect the developmental plasticity
of thalamocortical afferents.

20 30 40

Discussion

We examined the cellular mechanisms mediating neural circuit
formation, focusing on the role of PKA signaling in barrel map
development. We showed that PKARIIB '~ mice have decreased
PKA activity in somatosensory cortex and associated barrel map
deficits in the morphology and cytoarchitectural organization of
layer IV cortical neurons but not thalamocortical afferents. Using
immunohistochemical and biochemical techniques, we localized
PKARIIB expression to postsynaptic terminals in barrel cortex
and showed that postsynaptic, but not presynaptic, PKA targets
have decreased phosphorylation in PKARIIB ~/~ synapses. These
findings are consistent with previous reports in adult mice that
analyzed different brain regions using immunohistochemical
and electron microscopy techniques to show that PKARIIf is
localized to dendrites, perikaya, and postsynaptic densities but is
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Figure 7.  LTP deficits in PKARIIB ™/~ thalamocortical synapses. 4, B, Example whole-cell
voltage-clamp recordings from P6 wild-type control (4) and PKARIIB /™ (B) neurons show
that thalamocortical response in wild-type but not PKARIIB /™ layer IV neurons can be po-
tentiated using an LTP pairing protocol. Traces on the right (average of 20 sweeps) from before
(1)and 30 min after pairing (2) show significant potentiation in wild-type but not PKARIIB ~/~
neurons. C, Summary graph of pairing experiments showing the EPSC percentage change for
PKARIIB ~/~ mice (black circles) and their wild-type littermate controls (gray circles).
PKARIIB ~/~ thalamocortical synapses show no sign of potentiation. D, Summary histogram
of EPSCpercentage change from the average of 20 sweeps starting at 20 min after pairing for all
neurons. PKARII3 ~/~ (KO) thalamocortical synapses show almost no potentiation (1.59 +
6.92%; n = 5), and their EPSC percentage change is significantly lower (*p << 0.05; t test) than
that of wild-type (WT) littermate controls (122.96 %= 41.04%; n = 7). Error bars indicate SEM.
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Figure8. PKARIIB ™/~ mice haveasignificant reduction in phosphorylation of postsynaptic
but not presynaptic PKA targets. A, Western blot examples of synaptosomes prepared from P11
somatosensory cortex of PKARI3 '~ mice and their littermate controls using antibodies
against PKA phosphorylation targets. B, Quantification of normalized ratio of anti-phospho
GIuR1 (PGIuRT, Ser845) to total GIuR1 and anti-phospho NR1 (PNR1, Ser 897) to total NR1
reveals a significant difference between PKARIIB ~/~ (KO) and wild-type (WT) littermate con-
trol mice (*p << 0.005 for both; t test). None of the presynaptic PKA phosphorylation targets
such as phospho-synapsin (p = 0.26; t test) and phospho-Rim (p = 0.56; t test) reveal a
difference between PKARIB '~ mice and their wild-type littermate controls (data not
shown). Quantification of the band labeled with an anti-phospho-MAPK (PMAPK) antibody,
which recognizes both p44 (top band in A) and p42 (bottom band in A) phosphorylation of
MAPK (or ERK), also shows no difference (data not shown; p = 0.51; t test). Error bars indicate
SEM.

rarely present in axon terminals (Ludvig et al., 1990; Glantz et al.,
1992). In addition, we examined thalamic barrelloids using CO
staining at P5 and found that organization of barrelloids is intact
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in PKARIIB /'~ mice (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Moreover, we did not
detect any difference in anatomical plasticity of TCAs in
PKARIIB ~/~ and wild-type mice. These findings suggest that
the PKARIIB ~/~ barrel phenotype is specific to the cortex, and
PKARIIB-mediated PKA signaling is not necessary for the gross
development and plasticity of TCA clusters, although it is re-
quired for postsynaptic barrel map development.

We also examined the physiological development of thalamo-
cortical synapses in PKARIIB ~/~ mice and found that thalamo-
cortical LTP and AMPAR function were significantly impaired.
The smaller AMPAR currents we observed in older animals are
consistent with the absence of LTP and the decreased PKA phos-
phorylation of GluR1 detected biochemically in PKARIIB '~
mice. In total, these experiments support an activity-dependent
model for barrel map formation in which the selective addition of
thalamocortical synapses based on Hebbian mechanisms for syn-
apse formation act through a PKA-dependent pathway that
strengthens connections by increasing the number of functional
AMPARs at the synapse.

cAMP-PKA signaling in barrel development

Brl (Adcyl ~'~) mice, which have been studied in great detail,
have a barrel map defect that is more severe than PKARIIB '~
mice, because they lack organization of both presynaptic and
postsynaptic elements of the barrel map (Welker et al., 1996;
Abdel-Majid et al., 1998), whereas TCA clustering is intact in
PKARIIB /™ mice. It is possible that the less severe barrel phe-
notype in PKARIIB '~ mice stems from the remaining 50% of
PKA activity in the somatosensory cortex of these mutants. The
phenotypic difference between PKARIIB '~ and brl mice also
suggests that different signaling components downstream of
Adcyl play a role in the formation of presynaptic and postsynap-
tic barrel patterns. Data presented here and in our previous re-
port (Lu et al., 2003) suggest that Adcyl acts via PKARIIB to
regulate postsynaptic barrel map development. However, in pre-
synaptic TCA terminals, Adcyl may act through signaling mole-
cules other than PKA or through a PKAR subunit distinct from
PKARIIB. Unlike in brl mice, the phosphorylation of presynaptic
PKA targets is not reduced in PKARIIB '~ mice, strengthening
the suggestion that a different PKAR subunit is responsible for
TCA clustering in barrel cortex (Lu et al., 2003, 2006).

Our previous studies with brl mice provided indirect evidence
for the role of PKA activity in TC synapse maturation. Similar to
the results we report here, we found that the AMPAR/NMDAR
current ratio, which normally increases during TC synapse mat-
uration, remained unchanged in brl mice (Lu et al., 2003). The
smaller AMPAR/NMDAR current ratio was attributable, at least
in part, to smaller AMPAR currents (Lu et al., 2003). As in brl
mice, the reduced number of functional AMPARs at TC synapses
of PKARIIB /™ mice may be because of a change in AMPAR
properties and/or because of an impairment in AMPAR insertion
into the synapse, both of which are regulated by PKA phosphor-
ylation of the GluR1 subunit through an LTP-like process (Banke
et al., 2000; Ehlers, 2000; Lee et al., 2000, 2003; Esteban et al., 2003).
Consistent with the LTP deficit we observe in PKARII = mice, we
previously showed that LTP was a PKA-dependent process that is
impaired in brlmice (Lu et al., 2003). Our results here provide direct
evidence for the requirement of postsynaptic PKA activity in the
regulation of AMPAR function via synaptic plasticity mechanisms,
such as LTP, and the activity-dependent maturation of TC synapses
during barrel map development.
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What triggers cAMP—PKA signaling in barrel development?
Compelling evidence exists that NMDAR and AMPAR activity
mediates the development of dendritic arbors in a variety of brain
regions (Rajan and Cline, 1998; Rajan et al., 1999; Zhou et al.,
2004). At early stages of development, NMDARs mediate the
formation and extension of dendritic branches. Later, AMPAR
function contributes to dendritic morphogenesis as the synapses
mature (Wuetal., 1996), and both NMDAR and AMPAR activity
are required for the maintenance and stabilization of dendritic
arbors (Rajan and Cline, 1998; Wu et al., 1999). NMDARs may
play a similar role during barrel cortex development, because den-
dritic morphogenesis of layer IV neurons is impaired in transgenic
mice that specifically lack NMDA receptor (NR1) function only in
the cortex (Ctx-NR1 /™ mice) (Iwasato et al., 1997, 2000; Datwani
et al,, 2002). Ctx-NR1 ~/~ mice have larger dendritic arbors and
dendritic span, increased branching, and no orientation bias toward
barrel hollows, interfering with barrel wall formation. We also found
similar dendritic deficits in PKARIIB ~/~ mice, with larger dendritic
spans and fewer neurons with asymmetric dendrites, despite normal
total dendritic length. The similarity between the postsynaptic barrel
map phenotypes in Ctx-NR1 ~/~ and PKARIIB '~ mice, and the
absence of a developmental increase in AMPAR function as well as
NMDAR-dependent thalamocortical LTP during TC synapse devel-
opment in PKARIIB '~ mice, support the hypothesis that
NMDAR-mediated PKA function mediates the morphological and
cytoarchitectural development of layer IV neurons in somatosen-
sory cortex.

On the other hand, Ctx-NR1 ~/~ mice have a somewhat more
severe barrel phenotype than PKARIIB '~ mice. Not only do
cortical layer IV neurons fail to form a barrel pattern, but TCA
clustering in barrel cortex is also modestly impaired, with the
TCAs representing the large whiskers organized into patches that
are smaller and less distinct than wild-type TCA clusters (Iwasato
et al., 2000), and single TCAs projecting aberrantly to inappro-
priate barrels (Lee et al., 2005). This suggests that signaling
through NMDARs may act via molecules other than PKARIIf for
patterning of TCAs, whereas PKARIIS-mediated PKA signaling
plays a role downstream of NMDARs for postsynaptic neuronal
organization during barrel map development.

Other possible upstream regulators of cAAMP signaling include
G-protein-coupled receptors, such as metabotropic glutamate
receptors (mGluRs) and serotonin receptors. 5-HT signaling has
been implicated in barrel map development, because mono-
amine oxidase (MAOA) and 5-HTT knock-out mice have barrel
map deficits as a result of elevated levels of extracellular 5-HT
(Cases et al., 1996; Salichon et al., 2001). Knock-outs of two com-
ponents of the mGluR signaling pathway, mGluR5 and phospho-
lipase C-B1, have stronger postsynaptic than presynaptic barrel
map defects, like we observe in PKARIIB ~/~ mice (Erzurumlu
and Kind, 2001; Hannan et al., 2001). Stimulation of mGluRs
increases CAMP levels in the hippocampus and the visual cortex
(Winder and Conn, 1993; Reid et al., 1996), but it is not clear how
mGluRs regulate cAMP levels during barrel cortex development.
Although our results indicate that regulation of AMPAR function
by PKA is required for proper maturation of TC synapses and
barrel map development, we do not know whether cAMP-PKA
signaling is regulated exclusively by NMDARs, or whether
mGluR5 receptors, 5-HT receptors, or some other trigger is also
involved.

Barrel map plasticity in PKARIIB ™'~ mice
Ctx-NR1 ~/~ mice lack cortical barrel cytoarchitecture and have
some defects in the development of TCA clusters representing
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Figure9.  TCAbarrelmap plasticityis normalin PKARI3 '~ mice. 4, B, COstaining of tangential
sectionsfrom barrel cortex shows that C-row whisker cauterization at P1induced robust map plasticity
in TCAs of both PKARII3 ~'~ mice (B) and their littermate controls (A). €, D, Barrel cortex of control
hemispheres where corresponding whiskers were left intact show a normal barrel pattern. £, F, Map
plasticity critical period ends by P5 for both PKARIIB ~/~ (F) and wild-type control mice (E). G, H&E
staining of the cauterized whisker pad confirms that the cauterizations were limited to the C row of
whiskers. H, Summary quantification of barrel map plasticity measured with an MPI (see Materials
and Methods). CO barrel map plasticity is significant for wild-type littermate control and PKA-
RIIB ~/~ (KO) miceatP1 ( p << 0.001; ttest) compared with control hemispheres (data not shown).
However, comparison of MPIs for PKARII3 ~/~ mice and wild-type (WT)littermate controls show no
significant difference neitherat P1( p = 0.93; ttest) noratP5 ( p = 0.57; ttest). Scale bars, 500 pem.
Error bars indicate SEM.

barrels. However, lesion induced plasticity of TCAs is intact (Iwa-
sato et al., 2000). Another recent study using MAOA knock-out
mice also suggests that there is a dissociation between TCA barrel
pattern development and plasticity (Rebsam et al., 2005). Both of
these reports indicate that signaling pathways mediating barrel
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map plasticity and the initial development of TCAs are distinct,
or at a minimum a defect in one pathway that disrupts pattern
development is insufficient to disrupt map plasticity. Because the
barrel map phenotype of PKARIIB ™'~ mice is exclusively
postsynaptic, we were able to analyze TCA map plasticity. We saw
no difference in TCA map plasticity in PKARIIB '~ mice and
wild-type controls, indicating that reducing PKA activity in layer
IV neurons is not sufficient to disrupt map plasticity in TCAs.

Role of PKARIIS in PKA function

cAMP and PKA mediate a variety of signaling cascades, even
within the same cell (Colledge and Scott, 1999; Carnegie and
Scott, 2003; Bauman et al., 2004). Specificity of action for each
signaling pathway is achieved by localizing PKA to distinct sub-
cellular compartments via interaction of PKA regulatory sub-
units with A kinase anchoring proteins (AKAPs) (Coghlan et al.,
1995; Westphal et al., 1999; Colledge et al., 2000). AKAPs that
interact with type II PKAR, such as AKAP79/150, bind to scaf-
folding proteins that associate with glutamate receptors at the
postsynaptic density and regulate AMPAR currents (Rosenmund
et al., 1994; Colledge et al., 2000). This interaction is specifically
required for the phosphorylation of GluR1, so the anchoring of
PKA in close proximity to its substrates allows for tight regulation
and signal integration in response to neuronal activity (Colledge
et al., 2000; Tavalin et al., 2002). Endogenous PKARII is likely
compartmentalized near AMPARs at thalamocortical synapses
and may be responsible for their activity-dependent trafficking
during barrel formation. Therefore, the functional and anatom-
ical deficits observed in barrel cortex of PKARIIB /~ mice may
not only be caused by lower overall PKA activity, but may be
specifically caused by the improper localization of PKA and the
consequent misregulation of local PKA activity in postsynaptic
layer IV neurons.
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