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Experimental evidence from mutant or genetically altered mice indicates that the formation of barrels and the proper maturation of
thalamocortical (TC) synapses in the primary somatosensory (barrel) cortex depend on mechanisms mediated by neural activity. Type 1
adenylyl cyclase (AC1), which catalyzes the formation of cAMP, is stimulated by increases in intracellular Ca 2� levels in an activity-
dependent manner. The AC1 mutant mouse, barrelless (brl), lacks typical barrel cytoarchitecture, and displays presynaptic and postsyn-
aptic functional defects at TC synapses. However, because AC1 is expressed throughout the trigeminal pathway, the barrel cortex
phenotype of brl mice may be a consequence of AC1 disruption in cortical or subcortical regions. To examine the role of cortical AC1 in the
development of morphological barrels and TC synapses, we generated cortex-specific AC1 knock-out (CxAC1KO) mice. We found that
neurons in layer IV form grossly normal barrels and TC axons fill barrel hollows in CxAC1KO mice. In addition, whisker lesion-induced
critical period plasticity was not impaired in these mice. However, we found quantitative reductions in the quality of cortical barrel
cytoarchitecture and dendritic asymmetry of layer IV barrel neurons in CxAC1KO mice. Electrophysiologically, CxAC1KO mice have
deficits in the postsynaptic but not in the presynaptic maturation of TC synapses. These results suggest that activity-dependent postsyn-
aptic AC1– cAMP signaling is required for functional maturation of TC synapses and the development of normal barrel cortex cytoarchi-
tecture. They also suggest that the formation of the gross morphological features of barrels is independent of postsynaptic AC1 in the
barrel cortex.
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Introduction
Since the discovery of “barrels” in 1970 (Woolsey and Van der
Loos, 1970), the somatosensory (barrel) cortex of rodents has
emerged as a useful model system to examine the mechanism
underlying development of complex neural circuits typical of the
mammalian brain. In rodents, the pattern of facial whiskers on
the snout is recapitulated throughout the ascending trigeminal
pathway in the form of “barellettes” in the brainstem, “barre-

loids” in the ventrobasal (VB) thalamus, and “barrels” in layer IV
of the somatosensory cortex. Each mature cortical barrel is com-
posed of a barrel wall and a barrel hollow. During the first post-
natal week of development, thalamocortical (TC) axons cluster
within the barrel hollow, whereas layer IV neurons arrange their
cell bodies to form the barrel wall and acquire an asymmetric
morphology by preferentially orienting their dendrites toward
the barrel hollow to synapse with TC axons.

Maturation of TC synapses takes place early in postnatal life,
when barrels are just forming. One of the proposed mechanisms
for synapse maturation during map formation is by Hebbian-
based synaptic plasticity mechanisms, such as long-term poten-
tiation (LTP), which is thought to selectively strengthen topo-
graphically appropriate synapses through the addition of AMPA
receptors at the postsynaptic density (Malinow and Malenka,
2002). Consistent with this model, LTP can be reliably induced at
immature TC synapses, and the ratio of AMPA to NMDA
receptor-mediated currents (AMPA/NMDA ratio) increase with
age (Crair and Malenka, 1995).

Barrelless (brl) mice, a spontaneous mutant mouse line that
lacks a barrel map, have a mutation in the adenylyl cyclase 1
(adcy1 or AC1) gene (Welker et al., 1996; Abdel-Majid et al.,
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1998). AC1 is one of two adenylyl cyclases that are activated by
increases in Ca 2� (Wang and Storm, 2003), which at dendritic
spines takes place mostly by stimulation of NMDA receptors dur-
ing neuronal activity (Kovalchuk et al., 2000). AC1 activation
leads to an increase in cAMP production, a second messenger
whose primary target is cAMP-dependent protein kinase (PKA).
In addition to brl mice, knock-out (KO) mice that lack NMDA
receptor function only in cortical excitatory neurons (Cx-
NR1KO mice) and KO mice that lack the type II� regulatory
subunit of PKA (PKARII� KO mice) have barrel map defects
(Iwasato et al., 2000; Inan et al., 2006; Watson et al., 2006). These
reports suggest that the function of signaling molecules immedi-
ately upstream and downstream of AC1 activation is necessary
for barrel map formation.

Both brl and PKARII� KO mice have postsynaptic deficits at
TC synapses in which LTP induction and the developmental in-
crease in AMPA receptor response at TC synapses are impaired
(Lu et al., 2003; Inan et al., 2006). Presynaptic defects are also
found at brl TC synapses in which neurotransmitter release effi-
cacy is reduced (Lu et al., 2006). Together, this evidence suggests
that barrel map formation relies on proper TC synaptic matura-
tion and that the AC1–PKA signaling pathway regulates the
structural and functional maturation of the barrel cortex layer IV
neurons. However, because AC1 is present throughout the tri-
geminal pathway during early postnatal development (Matsuoka
et al., 1997; Nicol et al., 2005), it remains unclear whether lack of
cortical AC1, subcortical AC1, or both is the source of the defects
observed in brl mice.

To investigate the role of cortical AC1 in the development of
barrel cytoarchitecture and the functional maturation of TC syn-
apses, we generated cortex-specific KO mice in which AC1 is
absent in cortical excitatory neurons (CxAC1KO) but not in any
subcortical somatosensory centers. We found that the loss of AC1
in layer IV neurons is sufficient to reproduce the postsynaptic,
but not presynaptic, electrophysiological deficits observed in brl
TC synapses. Morphologically, while grossly normal barrels are
formed, layer IV neurons display reduced dendritic asymmetry in
CxAC1KOs compared with controls and layer IV neuron barrel
cytoarchitecture is degraded in CxAC1KO mice. Thus, cortical
AC1 has specific roles in the functional and morphological mat-
uration of barrel cortex layer IV.

Materials and Methods
Animals. Emx1-Cre (knock-in �Neo, K�N) mice in which the pgk-neo
selection marker gene had been deleted from the locus have been de-
scribed previously (Iwasato et al., 2004). The AC1-flox allele, in which
AC1 exon1 containing transcriptional and translational initiation sites
was flanked by a pair of loxPs, was generated by using homologous re-
combination in E14 embryonic stem cells and deleting a pgk-neo by
flp/FRT recombination. AC1-null allele was generated by expressing Cre
recombinase in germline of AC1-flox mice. CxAC1KO (Emx-Cre;
AC1 flox/�) and control (Emx-Cre; AC1 �/�, AC1 flox/�, AC1 flox/�, and
AC1 �/�) mice were obtained by crossing Emx1-Cre; AC1 �/� or Emx1-
Cre; AC1 �/� male and AC1 flox/flox or AC1 flox/� females. In a few histo-
logical analyses, Emx1-Cre Tg3 mice (Iwasato et al., 2004) were also used
to generate CxAC1KO. In both Emx1-Cre K�N and Emx1-Cre Tg3 mice,
Cre-mediated recombination is restricted to the dorsal telencephalon
(Iwasato et al., 2004). All physiological experiments and the majority of
histological experiments were performed using mice backcrossed onto
C57BL/6 genetic background more than eight generations.

Mice were genotyped by PCR with the AC1-WND primers (5�-CAT
GCC CTC TTG GGT ACT GTC TGT C-3�, 5�-CTC CCT TCA GAC CCT
GTC ACC TCT G-3�, 5�-CTT GGG TAC TGT CTG TCT AGC CAT C-3�,
and 5�-AGG GAC CAA GAT CTG GCC TCT CAT C-3�: 277, 157, and
111 bp for flox, null, and wild-type alleles, respectively) and Cre primers

(Iwasato et al., 2004). Primers for the NR1 gene (Iwasato et al., 1997) or
IL2 gene (5�-CTAGGCCACAGAATTGAAAGATCT-3�, 5�-GTAGGT-
GGAAATTCTAGCATCATCC-3�) were run together with Cre primers
as a positive control. PCR products were resolved on a 2–3% agarose gel
and detected with ethidium bromide.

The experimental procedures and housing conditions for animals
were approved by the institutes’ Animal Experimental Committees and
all animals were cared for and treated humanely in accordance with the
institutional Guidelines for Experiments Using Animals.

Reverse transcriptase-PCR. Quantitative reverse transcriptase-PCR
(qRT-PCR) was performed as described previously (Iwasato et al., 2007).
In brief, total RNAs were isolated from the barrel cortex of CxAC1KO
(n � 4) and AC1 flox/� (n � 5) mice at postnatal day 3 (P3) and
CxAC1KO (n � 4) and AC1 flox/� (n � 4) mice at P7 using RNeasy Mini
kit (Qiagen). All samples were digested on-column with RNase-free
DNase. cDNA was synthesized from total RNA using Superscript III
two-step qRT-PCR kit (Invitrogen). Real-time qPCR was performed us-
ing Platinum SYBR green qRT-PCR Super mix UDG with ROX (Invitro-
gen) by ABI Prism 7700 (ABI). The PCR conditions were 50°C for 2 min,
95°C for 2 min, 45 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s.
At the end of each program, a melt-curve analysis was performed. All
qRT-PCR were performed in triplicate for each cDNA sample. The
primer set used was 5�-ccttttggtcaccttcgtgt-3� and 5�-
gctgtgaccagtaagtgcga-3�. Diluted linearized plasmid pS18 (for AC1
exon1 genomic DNA) was used as a standard for absolute cDNA
quantification.

cDNA samples were prepared from brain total RNA derived from two
each of 6-month-old AC1 flox/flox mice and AC1 �/� mice using Super-
script II RT (Invitrogen) and oligo-dT primers. PCRs were performed
using forward primers (f1, 5�-CCC TGC TCT TCT TTG GTG TG-3�; f2,
5�-GGT TGC TCA TGA GCC TCA TG-3�) and reverse primers (r4, GTT
CCT CTC ATG GCC ATG AC; r9, 5�-ATG ACA TTG GCC AGG GTC
AC-3�). The PCR conditions were 94°C for 2 min, 30 cycles of 94°C for
30 s, 60°C for 30 s, and 72°C for 1 min, and 72°C for 7 min.

In situ hybridization. Using PCR primers (5�-CTTTTCC-
TGGCGCTGTTCGTG-3� and 5�-TGTGACCAGTAAGTGCGAGG-3�),
a 297 bp fragment within AC1 exon1 was amplified from pS27 cone
derived from genomic DNA of 129 strain. This PCR product was purified
by electrophoresis and QIAquick Gel Extraction kit (Qiagen) and sub-
cloned into pGEM-T Easy vector (Promega) to generate the pS60 clone.
The pS60 clone verified by nucleotide sequencing was used as a template
to generate the antisense probe using the Riboprobe System-SP6 (Pro-
mega). In situ hybridization was done as described previously (Iwasato et
al., 1997, 2000) with minor modifications. Briefly, frozen brains were cut
at a thickness of 12 �m in the sagittal or coronal planes on a cryostat.
Sections were postfixed in 4% paraformaldehyde (PFA) in PBS, pH 7.2,
before pretreatment. Hybridization was done at 58°C for 18 h in hybrid-
ization buffer with a 33P-labeled RNA probe. Sections were washed in a
series of SSC buffers of increasing stringency after RNaseA treatment.
The final wash was done in 0.1� SSC at 60°C for 30 min. The sections
were exposed to �-max film (GE Healthcare) for 9 –12 d and dipped in
NTB3 emulsion (Kodak) followed by exposure for �1 month. After
development, sections were stained with cresyl violet. Expression pat-
terns and levels were ensured by two sets of reactions using three each of
CxAC1KO and AC1 flox/� mice at P7 and two each of CxAC1KO and
AC1 flox/� mice at P1. Brains of AC1 �/� mice at P1 and P7 were used as
negative controls.

Cytochrome oxidase staining. Barrel cortex was removed following the
methods described by Strominger and Woolsey (1987), fixed and flat-
tened for 2– 4 h in 4% PFA at room temperature, and cut tangentially
(parallel to layer IV) on a vibratome (Leica VT1000S or Dosaka Zero1)
into 100 �m sections and subject to cytochrome oxidase (CO) staining
(Wong-Riley et al., 1978). Sections were incubated with CO reaction
solution free-floating for 2 h at room temperature or 10 –14 h at 4°C.
After visual detection of stain, sections were washed with PBS 3 times and
mounted with Aqua Polymount (Polysciences).

Nissl staining. Nissl stain, which marks cell bodies, was used to reveal
cortical “barrel” cytoarchitecture. Briefly, animals were perfused trans-
cardially with ice-cold PBS followed by 4% PFA in PBS. Barrel cortex was
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cut tangentially on a vibratome (Leica VT1000S or Dosaka Zero1) into
50-�m-thick sections. Sections were then mounted and dried for a day
on a slide warmer at 37°C. Slides were dehydrated and rehydrated in
graded alcohol, and then fixed in 10% Formalin (Sigma-Aldrich), and
stained with 2% cresyl violet solution for 15 min. After dehydration with
graded alcohol and xylene, slides were mounted with Cytoseal (Richard-
Allen Scientific). 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). The average cell density of these three barrels was
calculated for each animal and compared between genotypes. All counts
were done blind to the genotype.

Golgi staining and analysis of dendrites and spines. Golgi-Cox staining
was done as described previously (Datwani et al., 2002a). One hundred
micrometer serial coronal sections were cut using a Microslicer
(Dosaka). Layer IV spiny stellate neurons whose cell bodies were located
at the midlevels of each section and whose dendrites were isolated from
those of neighboring neurons were randomly selected from the postero-
medial barrel subfield under a light microscope at 40� (or 20�). Den-
drites were reconstructed in three dimensions at 100� (or 40�) using
Neurolucida software (MicroBrightField). Wedge analysis, which repre-
sents the length of dendritic processes binned every 30°, was performed
for each neuron using Neuroexplorer (MicroBrightField). Dendritic
asymmetry was evaluated by calculating the dendritic length in the hemi-
sphere (180°) with the greatest length of dendrites relative to the total
dendritic length in a given neuron. The selection of neurons and the
dendritic reconstructions were repeated independently by different in-
vestigators to verify the results. Spine analysis was performed on the
longest dendrites from each neuron at 100� with an oil-immersion lens.
All of these experiments were done blind to genotypes.

Antibodies. Primary antibodies were as follows: anti-NeuN (1:500) and
anti-vesicular glutamate transporter 2 (vGlut2) (1:500) from Millipore
Bioscience Research Reagents, and anti-serotonin transporter (5HTT)
(1:10,000) from DiaSorin. Secondary antibodies were as follows: mouse
IgG-Alexa 488 (1:500), guinea pig IgG-Alexa 488 (1:500) from Invitro-
gen, and goat IgG (BA-1000; 1:200) from Vector Laboratories.

Immunofluorescence. Mice were perfused, barrel cortex was flattened,
and 100 �m tangential sections were cut as explained above. Sections
remained free-floating for all incubations and washes. Briefly, tissue was
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 and then washed again for three
times followed by a postfix of the sections with 4% PFA, and then mount-
ing with Fluoromount-G (EMS). Immunolabeling was visualized with a
fluorescence microscope and images were collected with a Leica DM
confocal scanning microscope using a 10� objective with the channels
for Cy3 (red) and Alexa 488 (green) used sequentially.

Whisker lesion experiments. Whisker lesion experiments were done as
previously described (Datwani et al., 2002b). Briefly, pups were anesthe-
tized on ice and whiskers on the left side of the snout were visualized
under a light microscope. The C (center) row of whiskers and whisker
follicles from P1 and P5 pups were cauterized with a lesion generator
(Muromachi Kikai). After cauterization, the pups were revived in a
warmed chamber and returned to their mother. The animals were then
killed at P7–P8 (for P1 lesions) or P9 –P10 (for P5 lesions). For 5HTT
immunohistochemistry, 100 �m tangential sections of the cerebral cor-
tex were used. For quantitative analysis, 5HTT-immunostained tangen-
tial cortex sections were examined under a light microscope (Leica
DMR), and images of the barrel field were acquired using a DC300F
digital camera (Leica). Measurements of the entire large whisker repre-
sentation areas and areas devoted to row C and row D were made using
Image-Pro Plus software (Nippon Roper). Whisker pads were removed
from the snout and fixed with 4% PFA overnight at 4°C. PFA (4%) was
exchanged to 30% sucrose for cryoprotection for 2 d at 4°C, cryopro-
tected in 30% sucrose, and sectioned at a 60 �m in the tangential plane.

These sections were stained with hematoxylin– eosin to confirm the ex-
tent and precision of row C follicle lesions. Animals with lesions that
spread beyond row C, or did not include at least the first two whiskers in
row C, were excluded from analysis. These experiments were performed
blind to genotypes.

Slice electrophysiology. Acute TC slices were prepared as described pre-
viously (Lu et al., 2001). The artificial CSF (ACSF) (124 mM NaCl, 5 mM

KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3,
and 11 mM glucose, pH 7.2 and 290 –300 mOsm) was saturated with 95%
O2 and 5% CO2. The whole-cell recording solution contained 99 mM

cesium gluconate, 17.5 mM CsCl, 8 mM NaCl, 10 mM HEPES, 0.2 mM

EGTA, 4 mM Mg-ATP, 0.3 mM GTP, 7 mM phosphocreatine, and 10 mM

BAPTA. BAPTA was included in the pipette to prevent inadvertent po-
tentiation of the postsynaptic neuron.

Stimuli were applied to the VB thalamus through bipolar sharpened
and insulated stainless-steel microelectrodes (FHC). Data were collected
and analyzed on-line using a computer-driven acquisition system (Na-
tional Instruments) and software that was written under the Igor (Wave-
Metrics) programming environment.

EPSCs were measured in voltage-clamp mode using in vitro whole-cell
voltage-clamp recording techniques following published protocols (Lu
et al., 2001). To confirm that excitatory layer IV neurons were recorded,
cells were filled with 2% biocytin and the slices were stained using Vec-
tastain Elite ABC kit (Vector Laboratories). To evaluate and monitor the
health of the cell, input and series resistances were continuously moni-
tored, 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 increasing stimulus intensity were considered
monosynaptic. Because the responses in young cells tend to drift down if
the stimulation intensity or the stimulation frequency is high, one-half
saturating stimulation strength with a relatively low stimulation fre-
quency (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 cur-
rent during a fixed 3– 4 ms window before the stimulus artifact from the
mean current during a similar window at the peak of the EPSC.

To measure the AMPA/NMDA current ratio, which is a gross measure
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 membrane po-
tentials (�70 mV) while stimulating the thalamus. We then depolarized
the cell to �40 mV to relieve the Mg 2� block of the NMDA receptor and
added NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-
7-sulfonamide) (10 �M) (Tocris) to the perfusate to block AMPA and kai-
nate receptors, leaving a pure NMDA receptor response. These experiments
were done at “normal” (half saturating) stimulus strength as a gross measure
of the relative amplitude of the AMPA and NMDA receptor currents (Crair
and Malenka, 1995; Lu et al., 2001, 2003) in the presence of GABAergic
antagonists (10 �M bicuculine, cesium ions in the whole-cell solution block
GABAB responses).

For analysis of AMPA “evoked miniature” events, stable whole-cell
voltage-clamp recordings were established at �70 mV holding potential
and the Ca 2� in the ACSF was exchanged for Sr 2�. Sr 2�-based ACSF
desynchronizes neurotransmitter release, allowing isolated evoked min-
iature 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 Sr 2�) containing 100 �M picrotoxin and 50 �M D-AP5
[D-([amino])-2-amino-5 phosphopentanoic acid] (Tocris) to eliminate
inhibitory currents and possible NMDA receptor current contamina-
tion, respectively. Data were imported into Mini Analysis (Synaptosoft),
amplitude thresholds were set at 2.5 times root mean square 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 significant advantage of measuring
“evoked minis” is that the population is dominated by TC synapses, as
opposed to measuring spontaneous minis in tetrodotoxin, 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
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voltage-clamp mode (Lu et al., 2001). For these
experiments, BAPTA was excluded from the pi-
pette solution, and EPSCs from somatosensory
cortex layer IV neurons elicited with thalamic
stimulation were recorded at �70 mV until a
stable baseline of 10 min was obtained. Pairing
was then initiated by switching to a holding po-
tential of �10 mV and stimulating at 1 Hz for
100 s. The holding potential was then switched
back to �70 mV after pairing. The percentage
EPSC change was calculated as the mean EPSC
amplitude of 20 sweeps at 35 min after pairing
minus the mean EPSC amplitude of 20 sweeps
right before pairing (baseline amplitude) di-
vided by the baseline amplitude.

Paired-pulse measurements were done by
isolating the NMDA receptor mediated current
as described above, and then eliciting pairs of
stimuli at interstimulus intervals (ISIs) of 50,
75, 100, and 500 ms. Each condition was pre-
sented in pseudorandom order. Ratios were
then computed as the mean amplitude response
to the second stimulus over the response to the
first stimulus.

For (�)-5-methyl-10,11-dihydro-5H-dibenzo
(a,d)cyclohepten-5,10-imine maleate (MK801)
experiments, NMDA current was isolated and
only cells responding with a significant amount of
NMDA current (�25 pA) were used. After ac-
quiring a stable baseline response (10–15 min),
the stimulation was stopped and ACSF containing
(�)-MK801 (10 �M; Tocris Cookson) was per-
fused onto the slice (1 ml/min flow rate). After 10
min (to allow enough time for MK801 to equili-
brate in the recording chamber), stimulation was
resumed and response was recorded until no
NMDA current could be detected for �5 min.
The time course of MK801-dependent blockade
was analyzed by normalizing all of the responses
to the amplitude of the first NMDA response after
MK801 was applied, and the blockade rates were
estimated by fitting a double-exponential func-
tion (A1e�t / � 1 � A2e�t / � 2) to the decay and cal-
culating a weighted time constant, � weighted � �1 � A1/(A1 � A2) � �2 �
A2/(A1 � A2), from the fit parameters.

Results
Generation of CxAC1KO mice
As the first step to generate CxAC1KO mice, we examined
whether our floxed AC1 (AC1-flox) allele, in which the putative
promoter and exon 1 of AC1 are flanked by two loxP sites (Fig.
1A), is functional. To confirm that Cre-mediated recombination
of the floxed allele produces a null allele, we expressed the Cre
recombinase protein in the germline of AC1 flox/� mice and ob-
tained progeny heterozygous for the AC1-� allele, in which the
floxed DNA sequences were deleted by Cre-mediated recombi-
nation (Fig. 1A). Then, we intercrossed AC1�/� mice to generate
AC1�/� mice. RT-PCR analyses using primer sets for exons
downstream of the floxed sequence detected AC1 transcripts in
the AC1 flox/flox but not the AC1�/� brains (Fig. 1B). These results
clearly show that the AC1-� allele is a null allele of AC1.

It is known that global disruption of the AC1 gene in barrelless
(brl) mice completely abolishes barrel patterning and partially
impairs barreloids in the VB thalamus (Welker et al., 1996;
Abdel-Majid et al., 1998). We examined whether AC1�/� mice
demonstrate phenotypes similar to global AC1-deficient mice.
We analyzed patterning of the morphological body map in barrel

cortex of AC1�/� and wild-type mice by CO histochemistry and
Nissl staining. CO-dense patches reflect the gross organization of
both TC afferent terminals and target neurons, and Nissl staining
reveals the layer IV cytoarchitecture. We found that barrel map
patterning was completely disrupted in AC1�/� mice but normal
in wild-type controls (Fig. 1C–F). In addition, the pattern of VB
thalamic barreloids in AC1�/� mice was not as distinct as those
seen in control (AC1 /�/�) mice (Fig. 1G,H). Finally, both control
(AC1 /�/�) and AC1�/� mice had normal barrelettes in the so-
matosensory brainstem (Fig. 1 I, J). These phenotypes were es-
sentially identical with those observed in brl mice, and further
confirm that the AC1-flox allele produces an AC1-null allele on
Cre-mediated recombination. Hereafter we refer to the AC1�

allele as the AC1 null (or AC1�) allele.
We previously generated Emx1-Cre mice, in which Cre-

mediated recombination is first detectable in the dorsal telen-
cephalon at embryonic day 10 (E10) and is restricted to cortical
excitatory neurons throughout the animal’s life (Fig. 2A) (Iwa-
sato et al., 2000, 2004). In this study, we used the knock-in-�Neo
(K�N) line for most experiments and the Tg3 line or both in a few
cases (Iwasato et al., 2000, 2004). We crossed these Cre mice with
AC1�/� mice to obtain double heterozygous mice, and further
crossed these with AC1�/� mice to obtain Emx1-Cre:AC1�/�

mice. These mice were then crossed with AC1 flox/flox or AC1 flox/�

Figure 1. Cre-mediated recombination on the AC1-flox allele produces AC1-null allele. A, Schematics of AC1 flox and
AC1 � (� null or �) alleles. AC1 � allele was generated by expressing Cre recombinase in the germline of AC1 flox/� mice, in which
exon 1 and the putative promoter of the AC1 gene are flanked by two loxP sites. B, RT-PCR using primers specific for exons
downstream of the floxed region (shown in A) detects AC1 mRNA expression in AC1 flox/flox control brains (3, 4) but not in AC1 �/�

brains (1, 2), demonstrating that the AC1-flox allele is functional. m, Size markers. C–F, Flattened cortices stained for CO (C, D) or
Nissl (E, F ) demonstrate that AC1 �/� mice (D, F ) completely lack the cortical barrel pattern, unlike control (wild-type) mice (C, E).
G, H, Barreloids in VB thalamus of AC1 �/� mice (H ) are not as distinct as those of (AC1 �/�) control mice (G). I, J, Both control
(AC1 �/�) and AC1 �/� mice have normal barrelettes in the brainstem principal nucleus. The whisker-related patterns in AC1 �/�

mice throughout the trigeminal pathway are similar to those reported in barrelless (brl ) and AC1 �/� mice (Welker et al., 1996;
Abdel-Majid et al., 1998), further confirming that the AC1 flox allele is functional. Scale bar: C–F, 500 �m; G, H, 250 �m; I, J, 125 �m.
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mice to obtain Emx1-Cre:AC1 flox/� mice and their littermate
controls (Emx1-Cre:AC1�/�, AC1 flox/�, and AC1�/�). Emx1-
Cre:AC1 flox/� mice constitute CxAC1KO mice.

We compared levels of AC1 expression in the barrel cortex of
CxAC1KO and AC1 flox/� mice at P3 and P7 by quantitative RT-
PCR. At P3 and P7, the level of AC1 mRNA present in the barrel
cortex of CxAC1KO mice was reduced to 20.0 and 18.1%, respec-
tively, of the levels in barrel cortex of age-matched AC1 flox/�

control mice (Fig. 2B). These ratios are similar to the proportion
of GABAergic neurons in the barrel cortex (Lin et al., 1985; Beau-
lieu, 1993). To further confirm the cortex-restricted AC1 disrup-
tion in CxAC1KO mice, we examined the distribution of AC1
mRNA by in situ hybridization (Fig. 2C–F). We found that the
amount of AC1 mRNA in the neocortex and hippocampus of
CxAC1KO mice was much lower than that of control (AC1 flox/�)
mice both at P1 (data not shown) and P7 (Fig. 2C,D). Other brain
regions exhibited similar levels of AC1 mRNA in CxAC1KO and
control (AC1 flox/�) mice. We detected AC1 expression in only a
few cells of the CxAC1KO cortex (Fig. 2F). These AC1-expressing

cells are presumably inhibitory neurons,
because we and others previously demon-
strated that the Emx1 lineage does not give
rise to the GABAergic neurons of the neo-
cortex (Iwasato et al., 2000, 2004; Chan et
al., 2001; Gorski et al., 2002).

Barrel wall formation, but not the gross
barrel pattern, is disturbed in
CxAC1KO mice
Intriguingly, analyses of the gross barrel
patterning in CxAC1KO somatosensory
cortex, using CO staining (n � 6 for both
genotypes) as well as presynaptic TC ax-
onal clustering by immunostaining for a
TC axon marker, vGlut2 (n � 3 for both
genotypes), did not reveal any notable dif-
ferences from control mice (Fig. 3). Layer
IV neuronal organization into barrel walls
was examined with Nissl staining (n � 8
for controls and n � 11 for CxAC1KO
mice) (Fig. 3C,D) and immunostaining for
NeuN, which labels neuronal cell bodies
(n � 3 for both genotypes) (Fig. 3E,F).
Both staining methods revealed no quali-
tative difference between CxAC1KO and
control mice. We also examined the tha-
lamic barreloid pattern using CO staining
in CxAC1KO mice and found a pattern
similar to control mice (data not shown).
These phenotypes, which were strikingly
different from those observed in global
AC1 KO mice (Fig. 1C–H), indicate that
AC1 function in cortical excitatory neu-
rons is not essential for the gross pattern-
ing of cortical barrels and VB thalamic
barreloids. However, quantitative analysis
of Nissl-stained sections showed that there
is a small but statistically significant de-
crease in the wall-to-hollow ratio of neu-
ronal densities in barrels of CxAC1KO
mice (1.28 
 0.032; n � 11) compared
with those of AC1 flox/� control mice
(1.47 
 0.035; n � 8; p � 0.01; Student’s t

test). Therefore, cortical AC1 appears to play a role in the emer-
gence of fine features of layer IV barrel cytoarchitecture.

Dendritic orientation of layer IV neurons is impaired in the
barrel cortex of CxAC1KO mice
A prominent feature of barrel cortex cytoarchitecture is the asym-
metric orientation of layer IV neuron dendrites toward the barrel
hollow. To determine whether layer IV neurons require cortical AC1
function to acquire this asymmetric dendritic morphology, we per-
formed Golgi staining and reconstructed the dendrites of spiny stel-
late neurons in layer IV barrel cortex of CxAC1KO and control
(AC1flox/�) mice (Fig. 4A–D). A total of 60 neurons were analyzed,
with 24 control neurons from six animals and 36 CxAC1KO neu-
rons from nine animals. Dendritic asymmetry was determined by
calculating the dendritic length in the hemisphere (180°) with the
greatest length of dendrites relative to the total dendritic length
(360°) in a given neuron (for more details, see Materials and Meth-
ods). This analysis showed that the asymmetry of CxAC1KO layer IV
neuron dendrites was reduced compared with that of control mice

Figure 2. CxAC1KO mice generated using Cre expression driven by Emx1 promoter. A, LacZ staining of 400-�m-thick coronal
sections from progeny of Emx1-Cre (K�N) mice crossed with CAG-CAT-Z reporter mice demonstrates that Cre-mediated recom-
bination is specific to neocortex and hippocampus from embryonic stages (data not shown) to adulthood. For more information,
see Iwasato et al. (2000, 2004). SI, Barrel cortex; Hip, hippocampus; Th, thalamus. B, Quantitative RT-PCR of AC1 flox/� and
CxAC1KO mice barrel cortex at P3 and P7. Number of AC1 transcripts per picogram of total RNA for P1 flox/� (n � 5), P1 CxAC1KO
(n � 4), P7 flox/� (n � 4), and P7 CxAC1KO (n � 4) are as follows (mean 
 SEM): 46.86 
 6.37, 9.36 
 1.42, 81.96 
 4.43,
and 14.83 
 1.09; Student’s t test. C, D, In situ hybridization of AC1 mRNA in coronal sections of P7 brains of AC1 flox/� (C, E) and
CxAC1KO (D, F ) mice at P7. A few AC1-expressing neurons (F, arrows), presumably GABAergic interneurons, are observed in
CxAC1KO cortex. Scale bars: A, C, D, 1 mm; E, F, 50 �m.
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(0.95 
 0.011 for controls and 0.86 
 0.017
for CxAC1KOs; p � 0.01, Student’s t test)
(Fig. 4E). Dendritic span, defined as the larg-
est distance between the most distal dendrite
tips of the cell, was also significantly larger in
CxAC1KO mice than that of control mice
(96.2 
 5.9 �m for controls and 117.5 
 6.3
�m for CxAC1KOs; p � 0.05, Student’s t
test), consistent with the reduced asymmetry
of these neurons (Fig. 4F).

To verify these results, the analysis was
repeated on the same sections by a differ-
ent investigator, who reconstructed a total
of 37 neurons, 12 neurons from 7 control
mice and 25 neurons from 10 CxAC1KO
mice. In the end, only three neurons (two
CxAC1KO and one control neuron) from
the randomly chosen samples were se-
lected for reconstruction by both investi-
gators. This second analysis confirmed
that the asymmetry of CxAC1KO layer IV
neurons is reduced on average compared
with control mice (0.94 
 0.023 for con-
trols and 0.85 
 0.023 for CxAC1KOs; p �
0.05, Student’s t test). Dendritic span was
also found to be relatively larger in
CxAC1KO mice compared with controls
(105.7 
 10.1 �m for controls and 128.3 

7.6 �m for CxAC1KOs; p � 0.09, Stu-
dent’s t test). In contrast, analyses of the
total dendritic length (421.7 
 55.9 �m
for controls and 466.4 
 43.4 �m for
CxAC1KOs; p � 0.61, Student’s t test) and
spine density (0.69 
 0.04 �m�1 for con-
trols and 0.74 
 0.03 �m�1 for
CxAC1KOs; p � 0.38, Student’s t test) re-
vealed no difference between genotypes.
These results indicate that AC1 function in
the cortex is required for layer IV neurons
in barrel cortex to acquire their typical
asymmetric dendritic morphology.

Lesion-induced plasticity of the TC
axonal pattern is not changed in
CxAC1KO mice
The area of cortex devoted to a particular
peripheral sense organ changes if the pat-
tern of sensory input changes. For exam-
ple, if a row of whiskers and whisker folli-
cles is damaged neonatally, the area of
cortex devoted to the damaged row shrinks and the neighboring
rows expand (Van der Loos and Woolsey, 1973). In mouse barrel
cortex, the critical period for this type of plasticity ends by P4
(Woolsey and Wann, 1976; Durham and Woolsey, 1984; Dat-
wani et al., 2002b; Rebsam et al., 2005).

We examined lesion-induced map plasticity of TC axon cluster-
ing in CxAC1KO and control mice by electrocautery of the center
(C) row of whiskers and whisker follicles at P1 or P5. Mice were
analyzed at P7–P8 (for P1-lesion) or P9–P10 (for P5-lesion) by im-
munostaining for 5HTT, which is specifically expressed in TC axon
terminals (Lebrand et al., 1998; Rebsam et al., 2002) (Fig. 5A–D).
Quantification of map plasticity was performed by normalizing each
barrel area with respect to the area of the entire large barrel field and

then calculating the ratio of D row to C row area. We found that
CxAC1KO mice in which whiskers were cauterized at P1 had a sim-
ilar degree of map plasticity as littermate control mice (D/C ratio for
control mice: 2.67 
 0.24 (mean 
 SEM), n � 7; and for CxAC1KO
mice: 3.55 
 0.69; n � 9; p � 0.300, t test) (Fig. 5E–G) (for details of
the quantification, see Materials and Methods). Whisker cauteriza-
tion at P5 did not induce map plasticity in either CxAC1KO or
control mice (Fig. 5C–G). Similar results were obtained when exam-
ining lesion-induced map plasticity of layer IV cytoarchitecture with
Nissl-stained sections (supplemental Fig. 1, available at www.jneu-
rosci.org as supplemental material). These results indicate that cor-
tical AC1 function does not play a role in lesion-induced plasticity
and in the closure of the critical period for this plasticity.

Figure 3. Grossly normal cortical barrel map in CxAC1KO mice. A, B, Tangential sections from P29 control (AC1 flox/�) (A) and
CxAC1KO (B) mice stained with CO. Whisker barrel patterns are indistinguishable between genotypes. C, D, Nissl-stained tangen-
tial sections from P24 control (AC1 flox/�) (C) and CxAC1KO (D) mice. As in control mice, layer IV neurons in CxAC1KO mice organize
into a grossly normal barrel “wall” and “hollow” pattern characteristic of rodent somatosensory cortex. E, F, Tangential sections
from P10 control (AC1 flox/�) (E) and CxAC1KO (F ) mice immunostained with anti-vGlut2 antibody in red and anti-NeuN in green,
which selectively label TC afferents and neuronal cell bodies, respectively. The barrel pattern is qualitatively similar in the two
genotypes, showing that the gross presynaptic and postsynaptic patterning of barrels in CxAC1KO mice is not impaired. However,
a quantitative analysis of the patterning of layer IV neurons into barrel walls and hollows reveals a small but statistically significant
decrease in the wall-to-hollow ratio in the CxAC1KO mice (1.28 
 0.032; n � 11) compared with AC1 flox/� control mice (1.47 

0.035; n � 8; p � 0.01, Student’s t test). Scale bars, 100 �m.
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CxAC1KO mice have lower AMPA/NMDA ratio and fewer
AMPA receptors at TC synapses
Like many glutamatergic synapses, the AMPA/NMDA ratio in-
creases at TC synapses during maturation, likely through the in-
sertion of AMPA receptors at the synapse via LTP-like mecha-
nisms (Malinow and Malenka, 2002). We previously
demonstrated that brl mutants have fewer functional AMPA re-
ceptors and the developmental increase in AMPA/NMDA ratio is
absent at TC synapses of brl mice (Lu et al., 2003). To clarify
whether these postsynaptic functional deficits in brl mice are spe-
cifically attributable to the absence of cortical AC1 function, we
examined AMPA/NMDA ratios (Fig. 6) and AMPA receptor-
evoked miniature events (Fig. 7) in CxAC1KOs and littermate
control mice.

We found that the AMPA/NMDA ratio at P9 –P11 for
CxAC1KO mice (0.99 
 0.16 pA; n � 8) was significantly lower
than that of control mice (1.56 
 0.17, n � 6 for AC1�/�; 1.61 

0.22, n � 6 for Emx-Cre; AC1�/�; 1.83 
 0.36, n � 7 for
AC1 flox/�; and 1.67 
 0.15, n � 19 for all controls; p � 0.05, t test)
(Fig. 6C). AMPA receptor-mediated miniature events (AMPA
receptor minis) at single TC synapses were examined by replacing
Ca 2� with Sr 2� in the extracellular solution. In the presence of
Sr 2�, the neurotransmitter release at axon terminals is desyn-

chronized and AMPA receptor minis are observed in response to
this quantal release at single synapses (Fig. 7A,B) (Xu-Friedman
and Regehr, 1999). Evoked mini-EPSC amplitudes of CxAC1KOs
were on average smaller than littermate controls at P9 –P11
(9.48 
 0.76 pA for n � 7 AC1 flox/� control vs 6.59 
 0.33 pA for
n � 10 CxAC1KO; p � 0.05, t test) (Fig. 7C, inset). Comparison
of the evoked mini-EPSC amplitude histograms showed a shift in
the peak of the distribution, with the histogram in CxAC1KO
mice peaking at a smaller amplitude than littermate controls (Fig.
7C). In addition, CxAC1KO mice had very few responses with
large amplitudes (Fig. 7C). The mean cumulative probability dis-
tributions also revealed a shift in evoked mini-EPSCs in
CxAC1KO mice toward smaller amplitudes compared with lit-
termate controls (Fig. 7D). These results indicate that, in the
absence of AC1 signaling in cortical excitatory neurons, the num-
ber of functional AMPA receptors at TC synapses is reduced,
leading to smaller AMPA receptor-mediated currents and
smaller AMPA/NMDA ratios. These defects are similar to those
observed in brl mice, which were therefore attributable at least in
part to the absence of AC1 function in cortical neurons.

Figure 4. Dendritic asymmetry of layer IV spiny stellate neurons in CxAC1KO mice is reduced
compared with littermate controls. A–D, Examples of Golgi-stained layer IV spiny stellate neu-
rons in the barrel cortex (A, B) and their computer-aided reconstructions (C, D) in control
(AC1 flox/�) (A, C) and CxAC1KO (B, D) mice at P29. E, CxAC1KO mice have significantly lower
(*p � 0.01, Student’s t test) dendritic asymmetry compared with littermate controls. Dendritic
asymmetry, which must be �0.5, is defined as the ratio of the dendritic length in the hemi-
sphere with the greatest density of dendrites relative to the total dendritic length. Error bars
indicate SEM. F, Dendritic field span, the greatest distance between the most distal dendrite tips
of a particular layer IV spiny stellate neuron, is significantly greater (*p � 0.05, Student’s t test)
in CxAC1KO mice compared with littermate control mice. Scale bars, 50 �m.

Figure 5. Lesion-induced plasticity is not altered in CxAC1KO mice. A, B, 5HTT immunohis-
tochemistry of tangential sections from barrel cortex shows that C row whisker lesioned at P1
(P1WL) induces robust shrinkage of row C (black arrows) and expansion of neighboring rows
(row D, white arrows) in TC axons of both CxAC1KO (B) and their littermate control (AC1 flox/�)
mice (A). C, D, The critical period for this map plasticity ends by P5 in both CxAC1KO (D) and
littermate control mice (C). E–G, Quantification of lesion-induced plasticity in control and
CxAC1KO mice. Analyses of percentage row C (E) and row D (F ) areas normalized with respect to
area of the entire large whisker representation are similar between control and CxAC1KO mice.
The D/C ratio calculated by dividing the row D area by the row C area provides a plasticity index
(Schlaggar et al., 1993; Datwani et al., 2002b). The D/C ratio analysis reveals no difference in TC
axon map plasticity between genotypes (G). Error bars indicate SEM; Student’s t test. Scale bar,
500 �m.
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LTP is impaired in CxAC1KO mice during TC
synapse development
The trafficking of AMPA receptors into synapses is thought to
control synaptic strength during map refinement (Crair and
Malenka, 1995; Feldman et al., 1998; Lu et al., 2003; Inan et al.,
2006). LTP at the TC synapse, which can only be induced during
a critical period that ends around P7 (Crair and Malenka, 1995),
is thought to depend on AMPA receptor insertion into TC syn-
apses. Our previous work showed that LTP cannot be induced at
brl TC synapses, which is consistent with the fewer functional
AMPA receptors observed at these synapses. Therefore, the lower
AMPA receptor response observed in CxAC1KO mice might be
associated with a defect in TC LTP. We examined this possibility
using a standard LTP “pairing” protocol in TC slices from P4 –P6
CxAC1KO and littermate control (AC1 flox/�, Emx1-Cre;
AC1�/�, AC1�/�, and AC1 flox/�) mice (Fig. 8). All control
groups showed a significant potentiation, whereas the CxAC1KO
mice did not ( p � 0.05 for control groups and p � 0.59 for
CxAC1KOs, paired t test). We also found that the amount of

potentiation (EPSC percentage change) was significantly lower in
CxAC1KO mice (4.0 
 2.4%; n � 8) compared with any of the
control groups (AC1 flox/�, 83.2 
 8.5%, n � 3; AC1�/�, 49.2 

12.9%, n � 5; Emx1-Cre; AC1�/�, 65.4 
 26.2%, n � 5;
AC1 flox/�, 53.9 
 15.9%, n � 8; p � 0.05, Student’s t test), which
are pooled together in Figure 8 (60.3 
 9.0%; p � 0.01, Student’s
t test). This suggests that AC1 function in layer IV neurons is
responsible for the normal functional development of TC syn-
apses, and that the impaired LTP observed in brl mice is attribut-
able at least in part to the absence of AC1 function in cortical
neurons.

TC synaptic release efficacy is intact in CxAC1KO mice
We next examined whether CxAC1KO mice have normal presyn-
aptic function at TC synapses. One estimate of presynaptic re-
lease is the short-term plasticity measured by comparing the re-
sponses to two closely spaced stimuli. This paired-pulse ratio
(PPR), which is the amplitude of the second response relative to
the first response, is indicative of the probability of release (Pr) at
a synapse (Zucker, 1973, 1989). PPRs �1, called paired-pulse
depression (PPD), indicate that a synapse has a relatively high Pr.
TC synapses are high Pr synapses showing PPD. brl TC synapses
have higher PPRs, or lower Pr, than control TC synapses (Lu et
al., 2006). To investigate whether the low Pr at brl TC synapses is
attributable to the lack of cortical AC1 function, we measured the
NMDA receptor responses to paired stimuli at four different ISIs
(Fig. 9). We found no difference in the PPRs of TC synapses of
CxAC1KO mice compared with those of littermate control
(AC1 flox/�) mice at any ISI (Fig. 9A,B), indicating no defect in
neurotransmitter release efficacy (Fig. 9C) [for littermate con-
trols (n � 8) and for CxAC1KOs (n � 8), respectively: 0.53 

0.05 and 0.52 
 0.06, p � 0.81, t test at ISI � 50 ms; 0.55 
 0.04
and 0.57 
 0.05, p � 0.75, t test at ISI � 75 ms; 0.60 
 0.08 and
0.58 
 0.04, p � 0.82, t test at ISI � 100 ms; 0.65 
 0.05 and
0.63 
 0.02, p � 0.70, t test at ISI � 500 ms].

Another estimate of presynaptic release is obtained by mea-
suring the rate of NMDA receptor current decay in the presence
of the irreversible open channel blocker MK801. The rate at
which the amplitude of NMDA receptor-mediated EPSCs are
attenuated by MK801 during repetitive stimulation is directly
related to Pr (Rosenmund et al., 1993). Since MK801 is an irre-
versible open channel blocker, more NMDA receptors will be
permanently blocked, and the blockade rate will be faster in high
Pr synapses compared to synapses with lower Pr. NMDA receptor
currents from TC synapses in brl mice take longer to block in the
presence of MK801 relative to control synapses, which is consis-
tent with a reduced Pr (Lu et al., 2006). We measured the rate of
NMDA receptor block at CxAC1KO and littermate control
(AC1 flox/�) TC synapses using MK801 and observed a similar
blockade rate (Fig. 10A,B). The summary plot of the percentage
block calculated by normalizing each sweep to the amplitude of
the first sweep after resuming stimulation also showed no differ-
ence (Fig. 10C). Comparison of the weighted tau, calculated by
fitting a double exponential curve to each cell showed no signif-
icant difference between CxAC1KOs and their littermate controls
(Fig. 10D) [9.68 
 1.04 sweeps for littermate controls (n � 8)
and 9.37 
 1.41 sweeps for CxAC1KOs (n � 8); p � 0.86, t test].
These results all indicate that the lower neurotransmitter release
efficacy observed at TC synapses in brl mice is not attributable to
lack of AC1 function in excitatory cortical neurons, but is consis-
tent with a functional role of AC1 in presynaptic TC afferent
terminals.

Figure 6. AMPA/NMDA current ratio is reduced in CxAC1KO mice. A, B, Sample whole-cell
voltage-clamp measurements of AMPA receptor-mediated and NMDA receptor-mediated TC
EPSCs in a P11 littermate control (A), and P11 CxAC1KO (B) mouse. C, Overlay of the responses in
A and B scaled so that the NMDA receptor currents are the same amplitude. Note the AMPA
receptor-mediated EPSC in CxAC1KO animal is small compared with the littermate control.
Inset, Summary quantification of AMPA/NMDA current ratios of control (AC1 flox/�) and
CxAC1KO mice at P9 –P11. The AMPA/NMDA current ratio of CxAC1KO mice is significantly
smaller than that of control mice (*p � 0.05; t test). Error bars indicate SEM.
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Discussion
We generated CxAC1KO mice in which the AC1 gene is dis-
rupted in the cortex but not in the thalamus or the brainstem. We
found that these mice show a grossly normal barrel pattern, in
contrast to global AC1 KO mice that lack any signature of cortical
barrels. Whisker follicle lesion-induced critical period plasticity
in the barrel cortex of CxAC1KO mice was also similar to that of
control mice. These results suggest that AC1 in cortical excitatory
neurons is not necessary for the development of an overtly nor-
mal barrel map or lesion-induced plasticity. However, we found
that cortical AC1 plays an important role in development of the
asymmetric dendritic morphology typical of layer IV barrel neu-
rons and in the emergence of a fully normal layer IV barrel cyto-
architecture. Our physiological analyses of TC synapses in
CxAC1KO mice revealed that cortical AC1 is required for induc-
tion of LTP and for strengthening of TC synapses through an
increase in AMPA receptor-mediated currents, but not for regu-
lation of presynaptic release efficacy. Thus, CxAC1KO mice re-
vealed specific roles for cortical AC1 in the morphological and
physiological maturation of layer IV barrel neurons.

How does postsynaptic AC1 regulate morphological and
physiological maturation of barrel neurons?
Adenylyl cyclases are a family of broadly expressed proteins that
catalyze the conversion of ATP to cAMP when stimulated. AC1 is

a neuron-specific and membrane-bound
form of adenylyl cyclase that is sensitive to
changes in cytosolic Ca 2� concentration
(Wang and Storm, 2003; Ferguson and
Storm, 2004). Activation of AC1 by Ca 2�

occurs in neurons through NMDA recep-
tors and/or voltage-gated Ca 2� channels
(Kovalchuk et al., 2000; Bloodgood and
Sabatini, 2007), leading to an increase in
cAMP production, a second messenger
whose primary target is PKA. The cAMP/
PKA signaling pathway has been impli-
cated in a wide range of activity-dependent
processes such as hippocampal and cere-
bellar synaptic plasticity in adulthood and
developmental plasticity in the visual cor-
tex (Storm et al., 1998; Villacres et al.,
1998; Wong et al., 1999; Xia and Storm,
2005; Cui et al., 2007).

The location and position of the face
map during the construction of barrels in
the rodent somatosensory cortex is dic-
tated by molecular gradients intrinsic to
the neocortex (Grove and Fukuchi-
Shimogori, 2003; Sur and Rubenstein,
2005; Inan and Crair, 2007). However,
patterning of layer IV neurons to form
barrels within the somatotopic map is to a
large extent guided by activity-dependent
mechanisms. Our current understanding
is that TC axons are the first neural ele-
ments in the cortex to form a periphery-
related pattern and provide a template of
the whisker-specific pattern to the pre-
sumptive barrel field (Erzurumlu and
Jhaveri, 1990; Senft and Woolsey, 1991;
Agmon et al., 1993). Layer IV neurons
then form clusters (walls) around the dis-

crete patches of TC axon arbors and orient their dendrites toward
them. Studies of the phenotypes of several lines of mutant mice
revealed that glutamatergic synaptic transmission, its modula-
tion by serotonin (5-HT), and signaling pathways regulated by
neuronal activity play a major role in development of the barrel
cortex (Erzurumlu and Kind, 2001; Erzurumlu and Iwasato,
2006; Inan and Crair, 2007). The barrel cortex phenotype of
CxAC1KO mice described here suggests that cortical AC1 func-
tion plays a critical role in the preference for layer IV spiny stellate
neurons to orient their dendrites toward TC axon arbors and
form normal layer IV barrels.

Synaptic plasticity at developing somatosensory TC synapses
is NMDA receptor and Ca 2�-dependent, and the maturation of
TC synapses involves an increase in AMPA receptor-mediated
currents (Crair and Malenka, 1995; Feldman et al., 1998). Synap-
tic maturation is thought to occur through LTP-like mechanisms
that regulate the trafficking of AMPA receptors into the synapse
via PKA-dependent phosphorylation of AMPA receptors (Crair
and Malenka, 1995; Lu et al., 2003; Inan et al., 2006). Mice with a
global KO of PKARII� have deficits in synaptic plasticity and TC
synapse maturation (Inan et al., 2006). Immunoelectron micro-
scopic and biochemical evidence suggests that PKARII� is lo-
cated and functions primarily on the postsynaptic side of devel-
oping TC synapses (Inan et al., 2006; Watson et al., 2006). In this
study, we showed that CxAC1KO mice have physiological phe-

Figure 7. AMPA receptor mini-EPSCs are smaller at CxAC1KO TC synapses. A, B, Sample traces of evoked AMPA receptor-
mediated current responses in Ca 2�-ACSF (gray) and Sr 2�-ACSF (black) from recordings in P9 CxAC1KO (B) and littermate
control (AC1 flox/�) (A) neurons. In the presence of Sr 2�-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 CxAC1KO mice. C, Average frequency histogram of evoked mini-EPSCs. The CxAC1KO histogram (white bars) peaks at a
smaller amplitude than littermate controls (gray bars), and large amplitude events are almost absent in CxAC1KO mice. Inset,
Mean evoked mini-EPSC amplitude is significantly lower (*p � 0.05, t test) for CxAC1KO mice (white) with respect to littermate
controls (gray). Error bars indicate SEM. D, The cumulative probability distribution in CxAC1KO animals (white) also shows a shift
toward smaller amplitudes compared with littermate controls (gray).
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notypes similar to those observed in PKA-
RII� KO mice. This suggests that postsyn-
aptic AC1/cAMP/PKA signaling plays an
important role in TC synapse maturation.
Morphologically, layer IV neurons in the
barrel cortex of both cortex-specific KO
mice of NMDA receptor NR1 subunit
(Datwani et al., 2002a) and PKARII� KO
mice (Inan et al., 2006) show reduced den-
dritic asymmetry, similar to that of
CxAC1KO mice. Therefore, it is likely that
by linking NMDA receptor-mediated
Ca 2� influx and PKA activation, cortical
AC1 plays a role in postsynaptic physio-
logical maturation of TC synapses, which
underlies the emergence of asymmetric
dendritic orientation in barrel neurons, a
key feature of the morphological matura-
tion of barrels.

Where and how does AC1 influence
barrel map patterning?
We did not detect a gross impairment in
cortical barrel patterning in CxAC1KO
mice. Although quantitative analyses de-
tected subtle differences in layer IV neuron
barrel cytoarchitecture assayed with
postsynaptic markers in CxAC1KO mice,
it is clear that the absence of AC1 in exci-
tatory neurons of the cortex is not suffi-
cient to reproduce the severe barrel map
phenotype observed in global AC1 KO and
brl mice (Welker et al., 1996) (Figs. 1C–F,
3). Because the AC1 gene is highly ex-
pressed throughout the somatosensory
system during early postnatal develop-
ment (Matsuoka et al., 1997; Nicol et al.,
2005), the lack of AC1 function in the thal-
amus and/or brainstem of brl mice, which
is unaffected in CxAC1KO mice, may con-
tribute to the complete disruption of the cortical barrel pattern in
brl mice.

One route for the subcortical action of AC1 may be in TC
afferents, because brl mice have impaired neurotransmitter re-
lease efficacy (Lu et al., 2006), which was not observed in
CxAC1KO mice (Figs. 9, 10). This physiological impairment may
be mediated by RIMs, active zone proteins that modulate neuro-
transmitter release and are phosphorylated by PKA downstream
of AC1 (Lu et al., 2006). Consistent with this, Rim1� KO mice
have a mild barrel phenotype and presynaptic functional impair-
ments at TC synapses similar to those observed in brl mice (Lu et
al., 2006). A presynaptic role for AC1 in sensory map refinement
is also suggested by in vitro evidence in the visual system. In brl
mice, the segregation of ipsilateral and contralateral retinotectal

and retinogeniculate axons is impaired (Ravary et al., 2003; Plas
et al., 2004; Nicol et al., 2006b). In vitro coculture assays using
retinal and tectal explants from wild-type and brl mice show that
wild-type retinal axons correctly target in the brl tectum but brl
retinal axons fail to establish regional selectivity and refinement
in the wild-type tectum, suggesting a presynaptic role for AC1 in
sensory map refinement (Nicol et al., 2006a).

In addition to the complete disruption of cortical barrels, tha-
lamic barreloid formation is also modestly impaired in AC1�/�

(global AC1 KO and brl) mice. AC1 in thalamic or brainstem
neurons may play a direct role in the formation of VB thalamic
barreloids. Although brainstem barrelettes are intact in AC1�/�

mice, it is possible that functional input from brainstem axons
projecting to VB thalamic neurons is impaired. The progressive

Figure 8. LTP is defective at CxAC1KO TC synapses. A, B, Example whole-cell voltage-clamp recordings from P6 littermate
control (AC1 flox/�) (A) and P6 CxAC1KO (B) neurons show that TC AMPA response in control but not CxAC1KO layer IV neurons can
be potentiated using an LTP “pairing” protocol. Traces on the right (average of 20 sweeps) from before (1) and 35 min after (2)
pairing show significant potentiation in control but not in CxAC1KO neurons. C, Summary graph of pairing experiments showing
the EPSC percentage change for CxAC1KO mice (open circles) and controls (AC1 flox/�, Emx1-Cre;AC1 �/�, AC1 �/�, and
AC1 flox/�) (filled circles). Control TC synapses reveal obvious potentiation, whereas CxAC1KOs cannot potentiate. Error bars
indicate SEM. D, Summary histogram of EPSC percentage change from the average of 20 sweeps starting at 35 min after pairing for
control and CxAC1KO TC synapses. CxAC1KO TC synapses show almost no potentiation and their EPSC percentage change is
significantly lower (*p � 0.01, Student’s t test) than that of control mice.

Table 1. Summary of barrel system phenotypes in AC1�/� (global knock-out or brl mice) and CxAC1KO mice

Morphology TC physiology

Barrelettes (brainstem) Barreloids (thalamus) Barrels (cortex) Presynaptic Postsynaptic

AC1�/� Normal Partial Absent Impaired Impaired
CxAC1KO Normal Normal Grossly normal Normal Impaired

In AC1�/� (global knock-out or brl mice), whisker-related patterning is completely disrupted in the S1 barrel cortex, partially disrupted in the VB thalamus, and normal in the brainstem. Both presynaptic and postsynaptic measures of TC
synapse function are also disrupted in AC1�/� mice. In CxAC1KO mice, TC axon clustering and layer IV barrel morphology is grossly normal, although quantitative measures of layer IV barrel cytoarchitecture and barrel neuron morphology
reveal small deficits. At the same time, thalamic barreloids and brainstem barrelettes are normal in CxAC1KO mice. Physiologically, the TC synapse has normal presynaptic but disrupted postsynaptic function in CxAC1KO mice.
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deterioration in the whisker pattern evident when ascending the
trigeminal pathway from brainstem through thalamus to cortex
in AC1�/� mice may indicate a cumulative role for AC1 in the
transfer of information about the whisker pattern through the
trigeminal system (for a summary of morphological and physio-
logical phenotypes in AC1�/� and CxAC1KO mice, see Table 1).

It is intriguing that the extent of lesion-induced morphologi-
cal plasticity and the duration of the critical period in CxAC1KO
mice are indistinguishable from those of control mice. We previ-
ously demonstrated that CxNR1KO mice, in which NMDA re-
ceptor function is genetically impaired only in cortical excitatory
neurons, showed normal lesion-induced TC axonal plasticity
(Datwani et al., 2002b), and mutant mice for PKARII�, which is
expressed in layer IV cortical neurons but not TC axon terminals,
showed normal lesion-induced plasticity (Inan et al., 2006). Fur-
thermore, parachlorophenylalanine-treated MAOA knock-out
mice, in which the emergence of barrel patterning, but not bar-
reloid and barrelette patterning, is delayed, show no delay in the
closure of the lesion-induced plasticity period (Rebsam et al.,
2005). Thus, it is likely that lesion-induced morphological plas-
ticity is regulated at the subcortical level.

An alternative explanation for the relatively mild morpholog-
ical phenotype and normal lesion-induced morphological plas-

ticity in CxAC1KO mice could be the persistence of AC1 expres-
sion in cortical interneurons of CxAC1KO mice, because Cre-
mediated gene disruption induced by Emx1-Cre mice is
restricted to excitatory neurons in the cortex (Iwasato et al., 2000,
2004). Inhibitory synaptic transmission mediated by interneu-
rons has emerged as an essential component for shaping aspects
of the development and plasticity of cortical networks (Hensch
and Stryker, 2004; Foeller et al., 2005; Gabernet et al., 2005).
However, inhibitory neurons make up only 15% of the neuronal
population in layer IV of cortex (Lin et al., 1985). Although in-
hibitory synaptic circuitry develops after the critical period for
TC synapse maturation and barrel map formation (Daw et al.,
2007), we cannot rule out a role for inhibitory interneurons in
anatomical map development. To clarify these various possibili-
ties, the role of AC1 in the thalamus, brainstem, and cortical
inhibitory neurons needs to be explicitly determined.
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