appear to be at least partially intrinsic, because
these differences were maintained outside their
normal niche. When cells from E13.5 Cux2-Cre;Ai9
embryos were cultured in vitro at clonal density
(Fig. 3C), the majority of Cux2" progenitors di-
vided symmetrically to generate pairs of RGCs,
whereas Cux2™ progenitors preferentially under-
went neurogenic divisions (Fig. 3D). We conclude
that at early stages of corticogenesis, Cux2" RGCs
fated to generate upper-layer neurons preferen-
tially proliferate to enlarge the precursor pool,
whereas Cux2™ RGCs already generate lower-
layer neurons.

We next asked whether the generation of
distinct neuronal subtypes is an intrinsic property
of the two different progenitor types. Dissociated
cortical cells from Cux2-Cre;Ai9 embryos were
cultured until they differentiated and were stained
with layer-specific markers (Fig. 4, A and C).
The in vivo situation was recapitulated in vitro,
with ~80% of the Cux2" progenitors generating
neurons with upper-layer identity (Fig. 4B) and
the majority of the Cux2™ progenitors produc-
ing neurons with lower-layer identity (Fig. 4D).
Thus, the neurogenic differences between the two
progenitor populations are maintained outside
their normal developmental niche, indicating an
intrinsic aspect to their divergent fate specifica-
tion. This result also suggests that birthdate may
not be causative to cell fate. To test this hypoth-
esis, we electroporated dominant-negative TCF4
into Cux2” RGCs to force their premature cell
cycle exit (19), so that they generated neurons
at the expense of self-renewal (fig. S5). These
prematurely generated Cux2" neurons still pref-
erentially occupied upper layers (Fig. 4, E and F)
and expressed upper-layer, but not lower-layer,
markers (Fig. 4, G to ), indicating that their fate
was not altered by the change in birthdate. Thus,
Cux2" RGCs are intrinsically specified to gen-
erate upper-layer neurons, independent of niche
or birthdate.

Our data show that a subset of RGC:s is specified
to generate upper-layer neurons regardless of
birthdate, but these progenitors are intrinsically
programmed to generate neurons predominant-
ly later than their lower-layer counterparts. Thus,
contrary to the prevailing model (2), our study
indicates that molecular fate specification ensures
proper birth order, rather than vice versa. Our data
also suggest that the minor fraction of callosal
projection neurons found in lower layers is derived
from the same RGC pool as the major popula-
tion of callosal neurons in upper layers, demon-
strating a common lineage for these functionally
similar neurons, irrespective of cortical layer po-
sition. Although this model applies to the broad
RGC subclasses that generate intracortical versus
subcortical/subcerebral projection neurons, it re-
mains possible that the potential of Cux2" and
Cux2™ progenitors is subsequently progressively
restricted to further specify neuronal subtypes
within the two lineages.

Upper cortical layers are expanded in pri-
mates and are required for high-level associative
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connectivity. Defects in their function are implicated
in the etiology of cognitive syndromes such as
schizophrenia and autism. The subventricular zone
of primates, and especially humans, is enlarged
compared with other species and contains outer
subventricular RGCs that are thought to generate
increased numbers of upper-layer cortical neurons
in the primate brain (20). Our findings suggest
that an equally important evolutionary advance
was the subdivision of labor among RGCs in the
ventricular zone to generate lower- and upper-
layer neurons.
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Bergmann Glial AMPA Receptors Are
Required for Fine Motor Coordination

Aiman S. Saab,™? Alexander Neumeyer,** Hannah M. Jahn,"?*1 Alexander Cupido,**
Antonia A. M. Simek,** Henk-Jan Boele,* Anja Scheller,? Karim Le Meur,'} Magdalena Gotz, >
Hannah Monyer,” Rolf Sprengel,? Maria E. Rubio,’ Joachim W. Deitmer,

Chris 1. De Zeeuw,*°§ Frank Kirchhoff*?§

The impact of glial neurotransmitter receptors in vivo is still elusive. In the cerebellum, Bergmann
glial (BG) cells express a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)—type
glutamate receptors (AMPARs) composed exclusively of GluAl and/or GluA4 subunits. With the
use of conditional gene inactivation, we found that the majority of cerebellar GluA1/A4-type
AMPARs are expressed in BG cells. In young mice, deletion of BG AMPARs resulted in retraction of
glial appendages from Purkinje cell (PC) synapses, increased amplitude and duration of evoked
PC currents, and a delayed formation of glutamatergic synapses. In adult mice, AMPAR inactivation
also caused retraction of glial processes. The physiological and structural changes were
accompanied by behavioral impairments in fine motor coordination. Thus, BG AMPARs are
essential to optimize synaptic integration and cerebellar output function throughout life.

stroglial cells sense synaptic activity

through various neurotransmitter recep-

tors and are considered to modulate neu-
ronal processing (/-3). In the cerebellar cortex,
ectopic release of glutamate from climbing and
parallel fiber terminals activates Ca>*-permeable
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA )-type glutamate receptors (AMPARs)
expressed on Bergmann glial (BG) appendages
(4) that tightly enwrap Purkinje cell (PC) synapses

(5). Conversion of BG AMPARs into Ca**-
impermeable receptors by adenoviral-mediated
delivery of the GluA2 gene (6) caused BG pro-
cess retraction from PC synapses and altered
PC excitatory postsynaptic currents (EPSCs),
providing insight into the functional interaction
between BG and glutamatergic synapses. How-
ever, whether BG AMPAR signaling influ-
ences cerebellar function in vivo has remained
unknown.
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To investigate the impact of BG AMPARs on
cerebellar function, we generated inducible dou-
ble knockouts (dKOs) to ablate GluA1l and
GluA4 (Grial and Gria4) AMPAR subunits
selectively in astrocytes in a temporally con-
trolled fashion. We crossed mice expressing the
tamoxifen-sensitive Cre-recombinase CreERT2
under the astrocyte-specific, endogenous GLAST
(Slc1a3)-promoter (7) with mice carrying loxP-
flanked Grial (8) and Gria4 (9) alleles (Fig. 1A).
Because BG cells express only the AMPAR
subunits GluA1 and GluA4 (10, 11), inactivation
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of both subunits will result in a complete loss of
AMPAR function.

We injected mice (GLAST ™" x Gria] ™! x
Gria4™, termed dKO) with tamoxifen at post-
natal day 14 (P14) for 5 days and studied BG
AMPAR ablation 10 to 14 days after treatment
(Fig. 1A). Control mice were homozygously floxed
for both subunits, but these mice either lacked
CreERT2 expression (GLAST"") and were in-
jected with tamoxifen (tam control) or expressed
CreERT?2 and received oil (oil control). We achieved
an almost-complete loss of GluAl and GluA4
expression in the molecular layer (ML) of dKO
mice as assessed by confocal analysis (Fig. 1, B
to I). We also determined a reduction of 85 and
50% of GluA1 and GluAdpan (12) mRNA expres-
sion, respectively, and ~70% of total GluA1/A4L
(12) protein expression in cerebellar homogenates
(fig. S1, A and B).

The loss of functional BG AMPARs was
confirmed by whole-cell recordings and puff
application of AMPA with p-aspartate to acti-
vate both AMPARs and glutamate transporters
(Fig. 1J). BG cells of tam and oil controls exhibited
similar transporter [DL-threo-B-benzyloxyaspartate
(TBOA)-sensitive] and AMPAR [6-nitro-7-
sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX)—
sensitive] currents. However, in dKO mice,
AMPAR currents were completely abolished
(Fig. 1, J and K). Although in GLAST CrERT2*
cerebellar homogenates mRNA and protein lev-
els were reduced, confocal analysis of GLAST
immunolabeling revealed no overt differences
(fig. S2), and BG cells of dKO and oil controls
had comparable transporter currents to tam con-

trols, although they are heterozygous for the
GLAST locus (Fig. 1K). Thus, functional mem-
brane expression of glutamate transporters was
unaltered and should not influence any pheno-
type observed in dKO mice.

The gross cerebellar organization was un-
affected when BG AMPARs were lost in the
third postnatal week of cerebellar development
(fig. S3). However, because Ca”" signaling of
BG AMPARSs is important for synaptic transmis-
sion of PC synapses (6), we asked whether se-
lective loss of BG AMPAR signaling influenced
synaptic input to PCs. We analyzed parallel fiber
(PF)—evoked PC currents (PF-EPSCs) in dKO
mice and found an increase in amplitude, half-
width, and decay time (Fig. 2, A and B). As ex-
pected, increase of half-width and decay time
was more pronounced in dKO mice after block-
ade of AMPAR desensitization (fig. S4). These
data point to an impaired clearance of synap-
tically released glutamate resulting from BG
process retraction at PC spines (6). Indeed, light
microscopic and ultrastructural inspection re-
vealed that BG processes were, to a large extent,
retracted from PC spines and lacked their char-
acteristic complex morphology (Fig. 2E and fig.
S5). Together with previous findings (6), these
data emphasize the importance of glutamate
and Ca*"-mediated modulation of the cytoskeleton
in perisynaptic astroglial processes (/3). More-
over, we found a decrease in miniature EPSC
frequency (Fig. 2, C and D) in PCs of dKO mice.
Ultrastructural analysis of PF-PC synapse density
confirmed a reduction 12 days after treatment
(Fig. 2E and fig. S6). Additionally, dKO mice
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and quantified in (K). BG cells of dKO mice showed complete loss of AMPAR currents, whereas transporter currents remained unaltered compared with tam and
oil controls. **P < 0.01; ns, not significant.

Fig. 1. Selective and inducible ablation of BG AMPARs. (A) Generation of
GLAST "R Gria™" x Gria4™" mice. Tamoxifen (tam) or oil injec-
tions were performed at P14, and analysis took place between P24 and
P28. (B to 1) Confocal sections showing GluAl and GluA4L in the cere-
bellar cortex of control mice (B and D) and a clear loss of expression in
dKO mice (F and H). Colabeling of GluA1/4L and GLAST in control (C and E)
and dKO (G and 1) animals. Nuclei were stained with TO-PRO-3 (blue). Scale
bars, 100 um (B) and 20 um (C). White boxes indicate regions depicted in
(0), (B), (G), and (1). (3) BG whole-cell recordings and puff-application of
AMPA and p-aspartate (arrow) to elicit AMPAR and transporter currents. By

applying TBOA and NBQX, transporter and AMPAR currents were dissected
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showed reduced levels of vesicular glutamate
transporter (VGlutl), a marker for PF terminals
(Fig. 2F) (14). Yet, there were no signs of in-
flammation, activated microglia, or apoptosis
(fig. S7). At 30 (instead of 12) days postinjection,
PF-PC synapse density in dKO mice reached
control levels (fig. S6A), whereas BG process
retraction was still very obvious (fig. S6B). We
conclude that during cerebellar development,
PF-PC synapse formation is at least partially
regulated by BG AMPAR signaling. Our results
provide additional in vivo evidence to previous
findings that astrocytes are involved in synapse
formation (15, 16). We could not, however, de-
tect any differences in PF-PC synaptic plasticity
such as paired pulse facilitation or long-term de-
pression (figs. S8 and S9). We also did not ob-
serve an increase in climbing fiber terminals
(fig. S10), but we cannot exclude a more subtle
effect on elimination of multiple PC climbing
fiber innervations (6).

At first glance, ablation of BG AMPARs dur-
ing cerebellar development (at P14) did not cause
any obvious ataxia. However, when dKO mice
were challenged by running on a simple hori-
zontal ladder, they revealed motor coordination
deficits (fig. S11A). Unfortunately, the observed
phenotype in young mice could have potential-
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ly been biased by side effects of the tamoxifen
treatment, because it influenced body-weight
gain compared with oil-treated animals (fig. S11B).
Hence, we thoroughly analyzed cerebellar motor
behavior in adult injected animals, because body
weight of adult mice was unaffected by tamox-
ifen treatment.

To obtain a more robust gene expression—
behavior relation, we quantified the time courses
of tamoxifen-induced gene excision, nRNA deg-
radation, and protein loss and correlated these
with the accompanied structural and behavioral
alterations. Recombination kinetics differed be-
tween the floxed Grial and Gria4 alleles: Max-
imal gene recombination for Grial was achieved
3 days after the first injection, whereas for Gria4
it required more than 7 days (fig. S12C). Simi-
larly, mRNA and protein loss was faster for
GluAl (Fig. 3A and fig. S12D). For both sub-
units, complete loss of BG AMPAR expression
was achieved 3 weeks after tamoxifen treatment
(Fig. 3A and fig. S13), demonstrating a clear
difference in turnover kinetics of BG AMPAR
subunits in young and adult mice (fig. S14).

We next evaluated whether AMPAR in-
activation in adults caused BG process retraction
from PC spines. Three weeks after tamoxifen
treatment, we could not observe any overt pro-

REPORTS

cess retraction in dKO mice, although GluA1/A4
subunit expression was already completely lost
(Fig. 3, B and D). However, 3 months after treat-
ment, dKO mice displayed a significant reduc-
tion in BG appendage area and retraction from
PC synapses (Fig. 3, C and D).

Does the loss of BG AMPAR signaling and
subsequent retraction from PC synapses influence
cerebellar function? We investigated the motor
behavior of adult dKO mice at different periods
after injections. We chose two cerebellum-related
behavioral tasks, including locomotion condi-
tioning on the Erasmus Ladder (Neurasmus BV,
Rotterdam, Netherlands) (Fig. 4A) (12, 17) and
Pavlovian eyeblink conditioning (18, 19), both of
which allowed us to assess motor performance
and motor learning in dKO mice during the same
paradigm (Fig. 4 and figs. S15 and S16). First,
we ruled out side effects of tamoxifen treatment
on motor behavior by testing motor performance
before and directly after injections (Fig. 4B). Per-
formance was identical in both control groups
as compared with inducible dKO mice (at that
stage, there was no loss of AMPARS), indicating
that the treatment itself did not affect motor per-
formance. At 3 weeks postinjections, when loss
of AMPARSs was completed, we did not yet ob-
serve an overt difference in motor performance

dKO

VGlut1 Calb. VGlut1 VGlut1 Calb.

Fig. 2. Changesin PC currents, PF-PC synapse density, and BG morphology. (A)
Averaged traces of PF-EPSCs of PCs from control and dKO mice. (B) Loss of BG
AMPARs caused an increase in EPSC amplitude (**P = 0.007), half-width (**P =

0.009), and decay time (***P < 0.001); n = 36 to 40 cells per genotype. (C)
Example traces of miniature EPSC (mEPSC) recordings from PCs (control, top; dKO, bottom) in 10 uM gabazine and 500 nM tetrodotoxin to block
inhibitory input and action potential—evoked responses. (D) PCs from dKO mice showed reduced mEPSC frequency by 57.7 + 7.3% (n = 9; **P = 0.009).
(E) Ultrastructural analysis of PF-PC synapses in the upper third of the ML in control (left) and dKO (right) cells. BG processes are false-colored in pink, and
synapses indicated with red asterisks. BG process complexity, synapse coverage, and synapse density were markedly reduced in dKO mice. Scale bar, 1 um.
(F) Confocal sections showing VGlut1 (for PF synapses) and calbindin (for PCs) in control (left) and dKO (right). VGlut1 expression was decreased by 36.3 =
7.3% (n = 7 versus 8; P = 0.0003) in the ML of dKO mice. Scale bar, 20 um.
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Fig. 3. Deletion kinetics and BG process retraction in adult dKO mice. (A) Loss
of GluA1 and GluA4 was analyzed in cerebellar homogenates at distinct time
points (blue arrows) after treatment (red arrowheads). After 21 days, GluA1 and
GluA4L protein expression was reduced by 93.3 + 5.5% and 92.8 + 8.8% (1 = 6
versus 5 cerebellar homogenates; P < 0.005). w, weeks; dpi, days postinjection.
(B) Three weeks after treatment, PC synapses (red asterisks) were normally cov-
ered by BG lamellae (pink); however, 3 months postinjection (C), BG process
retractions were evident in dKO mice. (D) By quantifying the relative area of BG
lamellae, at 84 dpi, dKO mice revealed a decrease by 26.8 = 6.4% (n = 7
versus 4; **P = 0.0061). Scale bars, 1 um (B and Q).
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Fig. 4. Impaired fine motor coordination in mice lacking BG AMPARs. (A)
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motor coordination (MC) (i.e., average missteps per trial) was evaluated on
the Erasmus Ladder (12, 17). (B) Tamoxifen treatment had no side effects
on motor behavior, as control groups and dKO mice performed equally well
directly after treatment. (C) At 3 to 4 weeks postinjections, dKO mice showed
no differences in motor performance and motor learning. (D) At 3 months
after treatment, dKO mice performed well during training sessions, but re-
vealed more missteps when challenged with an abruptly elevated ladder rung
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(F1,7 = 8.74, P = 0.0069, two-way analysis of variance with Bonferroni's
posttest). (C and D) Tam and oil controls were pooled. (E to J) Analysis of
eyeblink conditioning data at 3 weeks (E to G) and 3 months (H to ]) after
treatment. dKO mice and littermate controls showed normal reflexive eyelid
closure (UR) in response to the corneal air puff (E, F and H, I). The increase in
amplitude of the conditioned response (CR) after consecutive training sessions
was identical in controls and dKO mice at 24 dpi (G); however, at 84 dpi, dKO
mice failed to increase their CR amplitude (P > 0.4) compared with controls
(P < 0.05) (]). Data are represented as + SEM.
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of dKO mice (Fig. 4C). dKO mice did not reveal
BG process retractions at that stage (see above).
However, 3 months after injections, when BG pro-
cess retraction was evident, dKO mice displayed
significant deficits in their motor performance
when challenged on the Erasmus Ladder (Fig. 4D);
they showed more missteps per trial. There were
no signs of learning deficits, in that dKO mice
improved their performance during the training
sessions, similar to controls. When we subjected
the animals at the same postinjection periods to
the eyeblink conditioning paradigm, we observed
that timing and amplitude of unconditioned re-
sponses (URs) of dKO mice (Fig. 4, E, F, H, and I),
as well as rate of memory acquisition or extinc-
tion of conditioned responses, (figs. S15 and S16)
were indistinguishable from controls. However,
at 3 months posttreatment, the amplitudes of
their conditioned responses (extent of eyelid
closures) were significantly lower than those
of controls after consecutive training sessions
(Fig. 4])). Retraction of BG processes from PC
synapses may impair timing of PC firing (with
millisecond precision), which, in turn, would af-
fect the output of cerebellar nuclei neurons and,
thus, conditioned behavior (20, 21).

We addressed the role of BG AMPARSs on
cerebellar function by generating conditional

AMPAR mutants where both GluA1 and GluA4
subunits were efficiently ablated in young and
adult mice. We revealed that AMPAR signaling
of BG cells contributes to the structural and func-
tional integrity of the cerebellar network. Our re-
sults provide in vivo evidence that BG AMPARs
play an important role in the fine-tuning of neu-
ronal processing, which is crucial for a fast and
precise control of complex motor behaviors.
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The Pulvinar Regulates Information
Transmission Between Cortical Areas
Based on Attention Demands

Yuri B. Saalmann,™?* Mark A. Pinsk,*t Liang Wang,"?t Xin Li,”* Sabine Kastner™?

Selective attention mechanisms route behaviorally relevant information through large-scale
cortical networks. Although evidence suggests that populations of cortical neurons synchronize
their activity to preferentially transmit information about attentional priorities, it is unclear how
cortical synchrony across a network is accomplished. Based on its anatomical connectivity with the
cortex, we hypothesized that the pulvinar, a thalamic nucleus, regulates cortical synchrony. We
mapped pulvino-cortical networks within the visual system, using diffusion tensor imaging, and
simultaneously recorded spikes and field potentials from these interconnected network sites in
monkeys performing a visuospatial attention task. The pulvinar synchronized activity between
interconnected cortical areas according to attentional allocation, suggesting a critical role for the
thalamus not only in attentional selection but more generally in regulating information

transmission across the visual cortex.

does not permit simultaneous processing
of all information from our cluttered en-
vironment in detail. Selective attention helps
overcome this limitation by preferentially routing
behaviorally relevant information across the vi-

The limited capacity of the visual system

LPrinceton Neuroscience Institute, Princeton University, Princeton,
N] 08544, USA. Department of Psychology, Princeton Univer-
sity, Princeton, N] 08544, USA.

*To whom correspondence should be addressed. E-mail:
saalmann@princeton.edu
tThese authors contributed equally to this work.

www.sciencemag.org SCIENCE VOL 337

sual system. Simultaneous neural recordings from
two cortical areas have suggested that this selec-
tive routing depends on the degree of synchrony
between neuronal groups in each cortical area
(I—4). However, it is unclear how different cor-
tical areas synchronize their activity. Although
direct interaction between two cortical areas may
give rise to their synchrony, an alternative pos-
sibility is that a third area, connected to both of
them, mediates cortical synchronization.
Higher-order thalamic nuclei, such as the pul-
vinar, predominantly receive input from the cor-
tex rather than the periphery, and their output

strongly influences cortical activity in in vitro
experiments (5). Because directly connected cor-
tical areas are also indirectly connected via the
pulvinar (fig. S1), the pulvinar is ideally posi-
tioned to synchronize activity across the visual
cortex (6-8). However, little is known about the
functional role of these cortico-pulvino-cortical
loops. Selective attention modulates the magni-
tude of response of macaque pulvinar neurons
(9, 10), and both humans and macaques with pul-
vinar lesions commonly have attentional deficits
(11, 12). We therefore hypothesized that the pul-
vinar increases synchrony between sequential
processing stages across the visual cortex during
selective attention.

Information transmitted along the ventral vi-
sual cortical pathway is sequentially processed in
interconnected areas V4 and the temporo-occipital
area (TEO). We simultaneously recorded neural
activity in macaques in the pulvinar, V4, and TEO
during 51 recording sessions (/3). Spike trains and
local field potentials (LFPs) were recorded in each
area from neurons with overlapping receptive
fields (RFs). Monkeys performed a variant of the
Eriksen flanker task, in which a spatial cue sig-
nals the location of a subsequent target flanked
by distracter stimuli (target detection >80% accu-
racy overall; Fig. 1A). Because directly connected
cortical areas such as V4 and TEO only connect
with restricted but overlapping zones in the pul-
vinar (8, /4), we used diffusion tensor imaging
(DTI) to ensure that electrodes targeted intercon-
nected pulvino-cortical sites.

We performed probabilistic tractography
on DTI data for each monkey to map probable
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