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Development/Plasticity/Repair

Thalamic NMDA Receptor Function Is Necessary for
Patterning of the Thalamocortical Somatosensory Map and
for Sensorimotor Behaviors
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NMDARs play a major role in patterning of topographic sensory maps in the brain. Genetic knock-out of the essential subunit of NMDARs
in excitatory cortical neurons prevents whisker-specific neural pattern formation in the barrel cortex. To determine the role of NMDARs
en route to the cortex, we generated sensory thalamus-specific NR1 (Grinl)-null mice (ThNR1KO). A multipronged approach, using
histology, electrophysiology, optical imaging, and behavioral testing revealed that, in these mice, whisker patterns develop in the trigem-
inal brainstem but do not develop in the somatosensory thalamus. Subsequently, there is no barrel formation in the neocortex yet a partial
afferent patterning develops. Whisker stimulation evokes weak cortical activity and presynaptic neurotransmitter release probability is
also affected. We found several behavioral deficits in tasks, ranging from sensorimotor to social and cognitive. Collectively, these results
show that thalamic NMDARs play a critical role in the patterning of the somatosensory thalamic and cortical maps and their impairment

may lead to pronounced behavioral defects.
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Introduction

Neural maps of the sensory receptor surface form at many levels
of the CNS during development. These maps are often patterned
in ways that reflect specialization of the sensory periphery, and
they are crucial for functional maturation of the system. Several
molecular guidance cues and glutamatergic neural transmission
play critical roles in development of sensory brain maps (Er-
zurumlu and Gaspar, 2012).

The whisker/barrel system in mice is an excellent model to
investigate the cellular and molecular bases of neural pattern for-
mation and plasticity in mammalian sensory systems. At all three
levels of the trigeminal pathway [the principal sensory nucleus of
the trigeminal nerve (PrV), in the brainstem, ventrobasal (VB)
nucleus in the thalamus, and primary somatosensory (SI) or
“barrel cortex”), presynaptic afferent terminals replicate the pat-
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terned distribution of whiskers on the snout. The presynaptic
patterns are recognized by postsynaptic neurons, which, in turn,
form rings or neural modules around afferent terminals. The
neuronal patterns are called “barrelettes” in the PrV, “barreloids”
in the VB, and “barrels” in the SI cortex. NMDAR:s play a key role
in the formation of these maps through their special property of
detecting and signaling correlated activity of incoming sensory
afferent inputs (Erzurumlu and Kind, 2001; Ruthazer and Cline,
2004; Erzurumlu and Iwasato, 2006).

The thalamic barreloids appear a day or two after barrelette
formation in the brainstem (Erzurumlu and Gaspar, 2012).
However, a prolonged synaptic refinement continues over a
two-week period at the lemniscal thalamic synapse in the VB
(Arsenault and Zhang, 2006). NMDARs play a key role in
glutamatergic transmission in the developing VB, as in other sen-
sory thalamic nuclei. A notable shift from predominantly NR2B-
containing NMDARs to NR2A-containing NMDARs has been
noted during the first 2 weeks of life in the mouse VB and somato-
sensory cortex (Liu et al., 2004). A recent study using genetic
mosaic deletion of NMDARs showed that pruning and strength-
ening of immature lemniscal synapses in the VB fails to take place
in neurons without functional NMDARs, but occurs in neigh-
boring neurons with intact NMDARs (Zhang et al., 2013). How-
ever, the role of postsynaptic NMDARs of VB neurons in pattern
formation and thalamocortical communication has not been
studied in detail. Here, we investigated how genetic elimination
of NMDAR function in the VB affects barreloid and barrel devel-
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opment, thalamocortical transmission of information, and, ulti-
mately, sensorimotor and cognitive function.

Materials and Methods

Generation of 5-HTTCre Tg mice

The 5-HTTCre Tg construct was created by modifying the RP23-39F11
BAC clone (Mizuno et al., 2014), derived from C57BL/6 (B6) mouse
genomic DNA. The nuclear localization signal (NLS) Cre-pA cassette
(Iwasato et al., 2000) was excised with Kpnl/Sall and inserted into the
Spel site of the pS120 vector (Iwasato et al., 2007) by blunt-end ligation.
The NLS-Cre-pA-FRT-Amp-FRT sequence in the resulting construct
was amplified with the primer pair 5'-AGAACCAAGAGCTAG
TCAGGGTCCTTGGCAGATGGGCATCCGCACCACTGACTGACTC
GACCTGCAGCCCAAGCTGTAC-3" and 5'-CTTGGCAGTCCTCT
TTGTCCTTACACTCTGACAGCACTTTCTGAGAATTCAAAGGTC-
CTTGACCAAGTTGCTGAAG-3" and was processed for BAC
recombination with the Red/ET system (Gene Bridges). The Amp se-
quence in the obtained BAC construct was removed by flp/FRT recom-
bination in bacteria. The Tg founder mice were generated by
microinjection of linearized constructs into B6 fertilized eggs and main-
tained in a B6 genetic background.

Animals

All animal handling was in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH Publi-
cations No. 80-23) revised 1996, a protocol approved by the University
of Maryland, Baltimore (UMB) Animal Use and Care Committee; and
guidelines for animal experimentation of the National Institute of Ge-
netics (NIG) and RIKEN Brain Science Institute (BSI). 5-HTTCre Tg
mice were generated at the RIKEN BSI, and colonies set up at UMB and
NIG. ThNRIKO mice were generated using 5-HTTCre Tg, NR1*/~
mouse (Li et al., 1994) and floxed NRI mouse (Tsien et al., 1996) lines.
Genotypes were determined by PCR from tail DNA samples with primer
sets: CW-Cre2 (5'-ACC TGA TGG ACA TGT TCA GGG ATC G-3")/
CW-Cre3 (5'-TCC GGT TAT TCA ACT TGC ACC ATG C-3') for
5-HTTCre mouse; TI-NR1-X2 (5'-ATG ATG GGA GAG CTG CTC AG-
3")/TI-Prpgk-3 (5'-CAG ACT GCC TTG GGA AAA GC-3') for NR1 */~
mouse; NRIERS5 (5'-TGT GCT GGG TGT GAG GGT TG-3")/NR1ER10
(5'-GTG AGC TGC ACT TCC AGA AG-3') for NR17f mouse; KS68
(5"-TTCTCGTTGGGGTCTTTGCT-3")/KS69 (5'-ACTTCTTCAAGTC
CGCCATG-3") for TCA-GFP mouse (Mizuno et al., 2014); R1295
(5'-GCGAAGAGTTTGTCCTCAACC-3'/R523(5'-GGAGCGGGAGAA
ATGGATATG-3")/R26F2 (5'-AAAGTCGCTCTGAGTTGTTAT-3’) for
Rosa-NLS-LacZ (RNZ) reporter mice (Kobayashi et al, 2013);
5'-TCGGCGGTGAAATTATCGATGAGC-3'/5"-CCACAGCGGATG
GTTCGGATAATGC-3' for CAG-CAT-Z reporter (CCZ) mouse (Sakai
and Miyazaki, 1997).

CCZ and RNZ reporter mice were backcrossed into B6 genetic back-
ground more than six and three generations, respectively. NR1 */~and
NR1 I mice were backcrossed into B6 genetic background more than
20 generations. 5-HTTCre and TCA-GFP mice had pure B6 genetic
background.

Histology and immunohistochemistry

Morphological studies were performed in our laboratories in Mishima,
Japan and Baltimore, Maryland. For these studies, we used 5-HTTCre;
NR1 %~ (ThNR1KO) and control (5-HTT-Cre;NR1 1%+ NR1 flox'~
alone or NR1 1" mice of either sex between P3 and P14. For cyto-
chrome oxidase (CO) histochemistry, two KO and nine control P7 mice
(Japan); four to six each P3, P5, P7, and P9 KO; and control mice were
analyzed. For Nissl staining, three KO and four control P7 mice (Japan)
and two to six each KO and control mice at P3, P5, P7, and P9 were used.
TCA terminal patterning in control TCA-GFP and ThNR1KO;TCA-GFP
mice were analyzed at P7, n = 5 and 2, respectively, in Japan. Cre-
mediated recombination was analyzed in 5-HTTCre Tg mice crossed
with RNZ reporter mice in Japan and for these studies E15, E17, P0, P5,
P7, and P38 mice were used. Immunohistochemistry for VGLUT?2,
5-HTT, NeuN, Cux-1, and NMDARI were done on sections derived
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from the brains of >20 KO and control mice at P3, P5, P7, P9, and adult
in the United States.

CO, Nissl, and LacZ staining were performed as previously described
(Iwasato et al., 2000). For 3-galactosidase/NeuN double immunohisto-
chemistry, 4% PFA in 0.1 m PB fixed brains were sectioned frozen. Mouse
anti-NeuN monoclonal (1:100; Millipore Bioscience Research Reagents
MAB377), rabbit anti-B-galactosidase polyclonal (1:10,000; Cappel
55976), anti-mouse IgG-Alexa488 (1: 500; Invitrogen), and anti-rabbit
IgG-Alexa546 (1:500; Invitrogen) antibodies were used. We performed
double immunostaining using antibodies against NeuN and Cux-1 for
neuronal labeling, VGLUT2, and serotonin transporter (5-HTT) anti-
body for afferent terminals in the VB and the barrel cortex. The primary
antibodies were rabbit polyclonal 5-HTT antibody (Ab) (1:5000; Calbio-
chem), guinea pig polyclonal Ab VGLUT2 (1:2000; Millipore Biosci-
ence), mouse monoclonal Ab NeuN (1:500; Millipore Bioscience), and
rabbit polyclonal Cux-1 (1:2000; Sigma). Additionally, we used mouse
anti-NR1 antibody (1:500; BD PharMingen).

Brain slice preparations and electrophysiology

Mice were anesthetized by isoflurane and decapitated. The brains were
removed and immersed in cold (4°C) artificial CSF (ACSF). Thalamo-
cortical slices (400 um; Agmon and Connors, 1992; Lee et al., 2005a) and
horizontal thalamic slices (400 wm; Castro-Alamancos, 2002; Kivrak and
Erzurumlu, 2013) were incubated in ACSF at 33°C before transferring
into the recording chamber. During electrophysiological recording, we
added 50 uM picrotoxin to the ACSF to block GABAergic responses.

Whole-cell-patch recordings were done, as described previously (Lo et
al., 2013). After forming whole-cell configuration in thalamocortical
slice experiments, depolarizing current pulses were passed through the
patch pipette to identify firing pattern of excitatory neurons in current-
clamp mode. A concentric stimulating electrode (WPI; TM33CCINS)
was inserted into the VB. Electrical pulses (0.3 ms duration, 0.2 Hz) were
passed through the electrode to evoke excitatory postsynaptic responses
in both current- and voltage-clamp mode. Paired pulses at an interval of
200 ms were delivered to test the paired-pulse ratio (PPR) of layer 4
neurons. For thalamic experiments, VB neurons were identified by a
low-threshold spike (LTS), mediated by T-type Ca?* channels, after
sudden release from hyperpolarization. Postsynaptic responses were in-
duced by stimulation of the medial lemniscus (Lem).

We recorded from 15 control, 8 ThNR1KO VB, and 15 control, 9 KO
layer 4 barrel cortex cells in slices derived from 10 control (5-HTT-Cre;
NR1 ¥+ NR1 %%~ alone or NR1 ") and 5 ThNR1KO 2- to 4-week-
old mice of either sex. All biological data were acquired by an
InstruTECH ITC-16 Data Acquisition Interface unit and stored on a Dell
DMO061 computer with PULSE (HEKA) software program. All data are
expressed by mean = SE and a Student’s ¢ test was used.

Optical imaging

Experiments were performed on ThNRIKO (n = 6) and control
(NR11o¥/ox 1y — 6) male and female mice at 4—5 weeks of age using the
MiCAMO2 system (Brain Vision). Animals were anesthetized with ure-
thane (1.5 g/kg body weight), and after shaving their heads, they were
placed into a stereotaxic frame. A 3 X 3 mm cranial opening was made
over the left parietal cortex. The exposed surface of the dura mater was
cleaned with hemostatic sponges dipped in ACSF. The voltage-sensitive
dye RH-1691 (Optical Imaging; 1.0 mg/ml in ACSF) was applied to the
surface of the dura mater for 45 min. After that the cortex was washed
with dye-free ACSF for 15 min (Tsytsarev et al., 2010; Lo et al., 2013;
Tominaga et al.,, 2013). The cortical surface was covered with high-
density silicone oil and then sealed with a 0.1-mm-thick cover glass to
suppress the brain pulsation originating from cardiovascular and respi-
ratory movements (Lo et al., 2013). The objective of the imaging system
was positioned above the recording area with its optical axis perpendic-
ular to the imaging surface. The focusing plane was adjusted to the depth
of 300 wm below the cortical surface. At the start of each optical record-
ing, a grayscale image of the cortical surface was obtained. Each experi-
mental session consisted of 100 trials, 500 frames per trial, with the
stimulus (whisker C2 deflection) presented at the 300th frame, 1 trial per
stimulus. The intertrial interval was 12 s. Change in fluorescence was
calculated as AF/F in the ROI using Brain Vision Analyzer.
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Before whisker stimulation, all of the whiskers, except the C2 or the E2
whisker, were clipped close to the skin. A glass pipette (1.0 mm in diam-
eter) fitted onto an XYZ manipulator was aimed at the C2 whisker and
air-puff stimulus of 10 ms duration was applied through a Picospritzer
pressure valve connected to the glass pipette. The Picospritzer was cou-
pled to the imaging system through the MiCAMO02 computer so that the
air could be puffed onto the whiskers and optical signals collected simul-
taneously. For data analysis, we constructed a pseudocolor map using
first-frame analysis and then averaging the data for each session (Ferezou
etal., 2006; Tsytsarev et al., 2010), and obtained pseudocolor maps of the
whisker stimulation activated cortical areas.

Behavioral tests

We used a battery of sensorimotor and cognitive social behavior tests to
evaluate the performance of mice with NMDAR genetic loss of function
in the sensory thalamus. Whisker sensation-related tests were specifically
chosen or devised based on our previous experience that B6 mice per-
form poorly in these tests when their whiskers are clipped bilaterally.

For behavioral testing we recorded the performance of ThNRIKO
(n = 8) and control (NR1%¥flex ;; = 8) adult male mice. Mice were
single housed in standard shoebox cages for 1 week before the start of
testing. They received water and standard rodent chow. The mice were
housed in a room that was environmentally controlled on a 12:12 h
light/dark cycle (06:00—18:00 h lighting) at a temperature of 21°C, rela-
tive humidity of 50—60%. On each testing day, mice were moved to the
experimental room and left undisturbed for 30 min before testing. Test-
ing was done in tandem with small groups of mice. We ran three cohorts
of animals (first, KO n = 3, control n = 3; second, KO n = 2, control n =
3; third KO n = 3, control n = 2) at different times. The genotypes of
animals were blind to the behavioral tester throughout the experiment
and analysis.

Statistical analysis. In the case of comparison between genotypes
(ThNRIKO vs NR1 flox/flox), unpaired two-tailed Student’s ¢ test was
used. Two-way ANOVA with genotype and trial factors or genotype and
whisking type factors were used to analyze the behavioral data (bridge-
walking test, whisking frequencies, object recognition, and texture
discrimination). Bonferroni post hoc comparisons were used with signif-
icant ANOVAs. Results were considered significant when p < 0.05.

The gap-crossing test (Hutson and Masterton, 1986), adapted to mice
by Barnéoud et al. (1991), is a specific test for cortical whisker function.
This test was conducted under light and dark (infrared light) conditions.

The edge-approach test is principally based on the postural reflex
and limb placement tests (Gerlai et al., 2000). Mice were picked up by
the tail manually, and then slowly lowered toward a flat edge of the
table (1 ¢cm/5 s). The procedure was repeated four times and the
distance of their body position from the edge of the platform that they
were able to reach was measured.

In the sticky paper test, a small piece of sticky paper tape (1 cm?) was
applied to the plantar surface of the hindpaw and the mouse was allowed
to move freely around the home cage. The latency of the first reaction to
the paper was measured. This test was used for assessing paw sensorimo-
tor responses.

The grid-walking test was also conducted to assess paw sensorimotor
performance (Cummings et al., 2007). Mice were placed on the stainless
grid (4 mm diameter, 1 cm distance) and allowed to walk around for 3
min. Their performance in walking across the grid was recorded for each
paw making 20 steps. The ratio of correct steps for each paw was calcu-
lated as a correct step ratio.

The bridge-walking test was conducted in three trials for each mouse.
Each mouse was placed on the edge of a 25 cm runway (4 cm wide and 15
cm height) connected to a platform. The latency to reach the platform
was recorded on each of the three trials (a maximum cutoff time was
180 s).

The wire hanging test was used as a measure of grasping strength and
motor performance. The hindlimbs of the mouse were taped so that the
mouse used its forelimbs to suspend its body on a wire line. The mean
time to suspend the body was recorded from three trials.

Whisking was observed at high speed (120 fps) with a high-speed
camera (FX-FH100; Casio). Each mouse was allowed to investigate a
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small clear plastic cup for 3 min. The frequencies and the types of whisk-
ing were quantified.

The object-shape recognition task was conducted for three trials in the
home cages under red light illumination. During the first trial, two ob-
jects were placed in opposite corners of the home cage, and the mouse
was allowed to explore the objects for 5 min. After a 1 h interval, the
mouse was run into the second trial, in which one of the now familiar
objects was in the same location as in trial 1, and a new object replaced the
other object. On the third trial, one familiar object and a new object were
presented.

The texture discrimination test was done in the same way as the object-
shape recognition with a minor modification. The objects placed in the
home cages were a plastic cup (3 cm diameter and 5 cm height) with a
cover made from several different materials and textures. The mice ex-
plored different textures with their whiskers under infrared lighting
condition.

Open-field test. To measure exploratory behavior, an open-field test
(Plexiglas arena: 28 X 24 X 15 cm), was run for 5 min under dim red
light. The measures included: the number of lines crossed that divided
the floor into four equal-size sectors and the number of events that the
mouse displayed a stretch-attend posture that represented risk-
assessment behavior using whiskers and the snout.

Social behavior test was conducted following the open-field test. The
subject mouse remained in the arena and an unfamiliar B6 mouse was
introduced. The following behaviors were recorded during a 10 min
session: the duration of contacts that the mouse approached to the stim-
ulus mouse from the front and back of the body and the ratio of flight
response to the opponent’s approaches from the front or the back of the
body.

The Y-maze spontaneous alternation test was performed to measure
working memory (Sarnyai et al., 2000; Suryavanshi et al., 2014). This test
is based on the interest of mice in exploration of new environments and
requires spatial memory to distinguish between an already visited envi-
ronment versus a novel one. Many parts of the brain are involved in this
memory processing, such as the hippocampus, the septum, and the pre-
frontal cortex. The mouse was introduced into the Y-shaped maze (each
arm length: 30 cm, lane width: 5 cm, arm wall height: 15 cm) and was
allowed to freely explore the Y-maze with no cutoff time. When the
mouse made 20 choices, the test was done. We measured the ratio of
spontaneous alternations by calculating the number of choices the sub-
ject made at the branch point.

Results

ThNR1KO mice

Our previous studies focused on genetic knock-out of NMDAR
function in the barrel cortex (Iwasato et al., 2000, Datwani et al.,
2002, Lee etal., 2005a). To evaluate the role of NMDAR activity at
the presynaptic side of the thalamocortical circuitry and the post-
synaptic side of the trigeminothalamic circuitry, we generated
transgenic (Tg) mouse lines (5-HTTCre Tg) that express the Cre
recombinase from the serotonin (5-HT) transporter (5-HTT)
promoter (Fig. 1A). In the somatosensory system, 5-HTT is tran-
siently expressed in thalamic nuclei from late embryonic to early
postnatal stages but not expressed in neocortical layer 4 or brain-
stem nuclei throughout life (Lebrand et al., 1998, Narboux-Néme
et al., 2008). We examined properties of Cre-mediated recombi-
nation of six lines of Tg mice by crossing them with Rosa-NLS-
LacZ (RNZ) (Kobayashi et al., 2013) and/or CAG-CAT-Z (Sakai
and Miyazaki, 1997) reporter mice and identified two lines
(Tg208 and Tg810), in which Cre-mediated recombination as-
sessed by LacZ staining was highly restricted to the somatosen-
sory, visual, and auditory thalamic nuclei (Fig. 1B for Tg208; data
not shown for Tg810). Cre-mediated recombination was also
observed in the raphé nuclei and in deeper layers of medial neo-
cortex such as the cingulate. Recombination in the SI cortex or in
the brainstem trigeminal nuclei was negligible even in adulthood
(Fig. 1B). These Cre-mediated recombination patterns were in
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Figure 1.  Generation of 5-HTTCre Tg and ThANR1KO mice. A, The translational initiation site of the serotonin transporter (5-HTT) gene on a BAC clone was replaced with the coding sequence of
NLS-Cre, and the Amp selection marker was subsequently removed by flp/FRT recombination in bacteria. This BAC construct was microinjected into fertilized eggs to generate 5-HTTCre Tg mice. B,
In 5-HTTCre Tg mice crossed with RNZ reporter mice, Cre-mediated recombination was detected in the sensory thalamus such as VB (somatosensory), lateral geniculate nucleus (LGN; visual) and
medial geniculate nucleus (MGN; auditory), raphé, and deep layers of medial parts of the neocortex, but was not detected in the SI cortex and the trigeminal brainstem such as the PrV and Spl.
LacZ-stained images of a 1-mm-thick coronal slice of 5-HTTCre Tg208;RNZ mouse at P38. C, D, Cre-meditated recombination assessed by LacZ stain in VB was first detected at E15 (€) and was dense
atE17 (D). Scale bars: 25 pm. 5-HTTCre;RNZ embryo 30- um-thick coronal slices. E, F, In early postnatal development, Cre-mediated recombination in VB is very high. Coronal slices of 5-HTTCre;RNZ
mice at PO (E; 400-.m-thick slice with LacZ stain) and P7 (F; 1-mm-thick slice with LacZ stain). G, A 20-p.m-thick coronal section from a P7 mouse (LacZ/Neutral red stain). H, I, Double
immunohistochemistry of VB of 5-HTTCre;RNZ mouse slice (30 pm thick) at P5 with anti- 3-galactosidase and anti-NeuN (a neuronal nuclear marker) antibodies. /, Higher magnification images of
the boxed regions in H. These images were used for quantification of Cre-mediated recombination. Scale bars: H, 100 wm; I, 25 um. J-L, Comparison of (Figure legend continues.)
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most part similar between Tg208 and Tg810 (1 > 90 in total) and
similar to those previously reported for 5-HTTCre knock-in
mice, in which an allele of endogenous 5-HTT gene is inserted
and disrupted by the Cre recombinase gene (Zhuang et al., 2005;
Narboux-Néme et al., 2008). In the knock-in mice, not all but
notable numbers of layer 6 (and 5) neurons in the SI cortex
display recombination. This contrasts to our Tg208 and Tg810
lines, which had very few SI layer 5 and 6 cortical neurons with
recombination. In addition, unlike our 5-HTTCre Tg lines, the
5-HTTCre knock-in line has a disruption in an allele of the en-
dogenous 5-HTT gene. This is particularly important when these
Cre mice are used for barrel analyses: homozygous knock-out
mice of 5-HTT have severely disrupted barrel patterns most likely
due to the excess levels of 5-HT in the cortex; even heterozygous
knock-out mice show mild barrel impairment (Persico et al.,
2001). In the present study, we mainly used Tg208; in some his-
tological analyses we used both Tg208 and Tg810 and always
obtained consistent results. In our Tg mice, Cre-recombination
in the thalamus was detected as early as E15 and increased quickly
(Fig. 1C,D); in early postnatal period such as at PO and P7, recom-
bination in the VB was conspicuously high (Fig. 1E-G). Quanti-
tative analyses at P5 demonstrated that 97.45 * 0.63% (n = 8
slices, two mice) of neurons (NeuN-positive cells) of VB thala-
mus had Cre-mediated recombination (LacZ positive; Fig.
1H,I). We crossed these 5-HTTCre Tg mice with NR1 flox mice
(Tsien et al., 1996) and obtained thalamus-specific NR1 KO
(ThNR1KO = 5-HTTCre;NR1 %9 7) mice.

We confirmed the loss of NMDAR function in the VB by
performing electrophysiological recordings in oblique horizontal
diencephalon slices (Castro-Alamancos, 2002; Kivrak and Er-
zurumlu, 2013). We found shortened postsynaptic excitatory re-
sponses in ThNR1KO VB neurons (Fig. 1J-L). In both control
and ThNR1KO mice, LTSs mediated by T-type calcium channels
were present after sudden release from hyperpolarization (Fig.
1]). In control mice, stimulation of the trigeminal Lem induced
an EPSC that had a longer duration at a holding potential of +60
mV and a short duration at —70 mV (Fig. 1K), indicating that the
EPSC is mediated by both AMPARs and NMDARs. That was the
case for all 15 VB neurons (from 10 mice) from which we made
recordings. In ThNR1KO mice, Lem stimulation-induced EPSCs
had similar short durations at different holding potentials (Fig.
1K) in all of the 8 VB neurons (from five different KO mice) from
which we made recordings. As shown in the inset of Figure 1K,
the EPSC at +60 mV was completely blocked by NBQX (trace 1
before vs trace 2 after NBQX), indicating that VB neurons lacked
NMDAR-mediated postsynaptic response. We also applied APV
and found no change in the EPSC at +60 mV in KO VB (data not
shown). Another fact that supported the absence of NMDAR-
mediated response in VB neurons of ThNR1KO mice is shown in

<«

(Figure legend continued.) electrophysiological properties of VB neurons between ThNR1KO
and control mice. J, VB cells show similar low-threshold Ca* spikes. K, Different duration in
EPSCsat +60 mV. The inset shows that the EPSCat +60 mV of KO VB is completely blocked by
NBQX (trace 1before vs trace 2 after NBQX), indicating absence of NMDAR-mediated response.
L, Differences in developmental changes in decay of EPSCs at +60 mV. All of these confirm that
VB cells in ThNRTKO mice lack NMDAR-mediated postsynaptic responses. M, N, NRT expression
inthe barrel cortex ofa control (M) and a TANRTKO adult mice (N). Note that there is no apparent
difference in cytoplasmic staining of cortical neurons between the control and knock-out cases.
Cortical layers are indicated. 0, P, In control mice neuron in the VPM and VPL components of the
VB also stain positive for NR1 (0), but staining is absent in the TANRTKO VPM and VPL (P), even
though some distinct, unbound fluorescent secondary antibody particles can be seen. Scale bar,
M—P, 100 pm.
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Figure 1L. The EPSC at +60 mV showed a developmental short-
ening in decay in control mice, suggesting a switch of NMDAR
subunit NR2B to NR2A. However, the decay of EPSC at +60 mV
of ThNR1KO mice remained the same. Finally, immunohisto-
chemical staining with NMDAR1 antibody confirmed the lack of
NRI1 expression in the KO VB while immunostaining in the bar-
rel cortex was robust (Fig. 1M—-P).

The postsynaptic excitatory responses of VB neurons to tri-
geminal lemniscal inputs in the ThNRIKO mice were much
shorter in duration than those of control mice, similar to what we
reported for the barrel neuron responses to thalamocortical in-
puts in CxXNRI1KO mice (Lo et al., 2013).

Differential patterning of the trigeminothalamic pathway in
ThNR1KO mice

Whisker-specific inputs are carried to the brain by the infraor-
bital (IO) branch of the maxillary trigeminal nerve. IO axons
bifurcate upon entry into the brainstem and terminate within the
PrV and the spinal trigeminal nucleus, where they form discrete
terminal arbors [in subnuclei interpolaris (SpI) and caudalis].
These patterns were all absent in the global NMDAR mutant mice
(Lietal., 1994; Kutsuwada et al., 1996) and partially present in the
Spl. They were absent in the PrV of a transgenic line that we
developed with lowered NMDAR levels in the PrV (Iwasato et al.,
1997).

In ThNR1KO mice, both PrV and Spl barrelette patterns ap-
peared indistinguishable from controls (Fig. 2A-D). In contrast,
VB lacked barreloid patterning, and the nucleus appeared to be
smaller in size (Fig. 2E-H ). A similar reduction in the VPM por-
tion of the VB following Tg NMDAR function reduction in the
PrV hasbeen reported previously (Lee and Erzurumlu, 2005). We
used several markers for barreloid patterning in the VB and they
all showed absence of barreloids at various developmental ages
(Fig. 2). These results suggest that in the absence of functional
NMDARs in the sensory thalamus, trigeminal and dorsal column
lemniscal axons fail to form whisker- and paw-related patterns in
their respective target zones, the ventroposteromedial (VPM)
and ventroposterolateral (VPL) components of the VB complex.
This was especially evident from VGLUT2 immunostaining of
the thalamus sections (Fig. 2K, L). Immunostaining of 5-HTT-
positive axons also showed absence of patterning in the mutant
VB (Fig. 21,]). Subsequently, there was no patterned CO staining
(reflective of presynaptic and postsynaptic activity) or barreloid
(cellular) patterning (Fig. 2E-H ).

Disruption of NMDARSs in the thalamus affects barrel
formation in the SI cortex

Next, we examined the development of TCA terminal and
cellular (barrel) patterning in layer 4 of the SI cortex. We used
generic markers for TCAs, 5-HTT, and VGLUT2 immunohis-
tochemistry. In coronal brain sections the laminar distribu-
tion of TCAs in ThNRI1KO mice was similar to controls (Fig.
3). However, their density appeared low and they did not form
notable segmentation.

TCA patterning defects could be seen easily in sections
through the flattened cortices. We took advantage of our recently
developed TCA-GFP Tg mice, which express membrane bound-
enhanced GFP in 5-HTT producing cells such as VB neurons
(Mizuno et al., 2014). Crossing the ThNR1KO mice with TCA-
GFP mice allowed us to visualize TCA patterning in the barrel
cortex (Fig. 4D). CO staining (a standard histochemical stain that
allows visualization of presynaptic and postsynaptic patterning in
the whisker-barrel neuraxis) revealed the absence of barrel pat-
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Figure 2.

terns (Fig. 4F). Pattern deficits could be seen with various other
cellular and nuclear markers (NeuN, DAPI, Cuxl, and Nissl
stain; Fig. 4B,G,H,I) and the TCA markers (5-HTT, VGLUT2
immuno, and GFP expression; Fig. 4A,D,E). They all showed
that TCAs targeted the proper area and laminae of the SI cortex
but had a rather diffuse and blurred patterning corresponding to
the caudal large whiskers of the snout, while those normally rep-
resenting anterior whiskers and sinus hairs were absent (Fig. 4).
Density of GFP-positive axons was also low, yielding a much
darker image compared with controls under the same epifluores-
cence conditions (Fig. 4D,D").

Reduced transmitter release probability of thalamocortical
afferent terminals in ThNR1KO barrel cortex
We recorded from layer 4 excitatory neurons of the barrel cortex
to study thalamocortical synaptic transmission. In both control
and ThNR1KO mice, layer 4 excitatory neurons showed adapt-
ing, regular spiking during membrane depolarization (Fig.
5A, B). Stimulation of the VB induced EPSCs with a long dura-
tion at +60 mV holding potential and with a short duration at
—70 mV in both phenotypes (Fig. 5C,D). Thus, postsynaptic
NMDARSs of the thalamocortical circuitry are not impaired and
layer 4 excitatory cells have both AMPARs and NMDARs.
Previous studies on mutant mice with impaired glutamatergic
neurotransmission at thalamocortical synapses, either by way of
failure in presynaptic vesicle fusion or VGLUTs, also showed
significant defects in barrel cortex patterning and function
(Narboux-Néme et al., 2012; Li et al., 2013). To investigate the
presynaptic input strength in ThNR1KO mice, we used a paired-
pulse protocol to test the transmitter release probability (Pr) of
TCAs. In control mice, the amplitude of the second EPSC was
smaller than that of the first EPSC (paired-pulse depression; Fig.
5E), indicating that the TCAs have a high Pr, because the first
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Whisker-specific patterning in subcortical trigeminal centers. A-D, Barrelette patterns in the PrV (4, B) and Spl (C, D) of the spinal trigeminal nucleus in TANR1KO mice at P5 (B, D)
appear very similar to those of P5 controls (4, €). CO staining, barrelette rows a— e are indicated. Unlike the trigeminal brainstem, barreloids are absent in the VPM and VPL components of the VB in
ThNR1KO mice (F, H, J, L). Photomicrographs in E=H compare the VB of TANR1KO and control mice at P5, at P7 (1, J), and at P9 (K, L) with CO staining (E, F), Niss| staining (G, H), 5-HTT (/,J), and
VGLUT2 immunohistochemistry (K, L). Scale bar, 200 m. LGN, Lateral geniculate nucleus; TrV, trigeminal tract.

pulse depletes the available transmitter and the second pulse
causes less transmitter release. And as a consequence, the PPR
was low. The averaged PPR was 50.4 = 3.7% (n = 15; Fig. 5G,
white bar). In sharp contrast to this, in ThNRIKO mice, the
second EPSC was always larger than the first EPSC (paired-pulse
facilitation; Fig. 5F) indicating a very low TCA Pr; the first VB
stimulation causes a small postsynaptic response, and the
buildup of Ca*" in the presynaptic terminal leads to an increased
release probability on the second response and a higher PPR. The
averaged PPR was 136.8 = 6.7% (n = 9; Fig. 5G, black bar). The
difference in PPR between Control and ThNRIKO mice was
highly significant (p < 0.0001). The low Pr of thalamocortical
terminals of ThNR1KO mice means that the terminals release
much less synaptic transmitter during each thalamocortical nerve
impulse.

How does the “barreloidless,” NMDAR-impaired thalamus
relay whisker inputs to the neocortex?

We performed optical imaging with voltage-sensitive dye RH-
1691 to investigate the activation patterns in the SI cortex follow-
ing stimulation of the contralateral C2 or E2 whisker. In control
animals (n = 6), voltage-sensitive dye signal appeared just after
the frame when the stimulus was presented and reached its peak
30—40 ms after the stimulus onset, and then decreased and re-
turned to baseline within 50—60 ms (Fig. 6A). Optical signals
were located in a discrete spot corresponding to the E2 barrel
region, as has been reported in similar imaging studies (Ferezou
et al., 2006; Lo et al., 2013). In ThNR1KO mice (n = 6), optical
signals were much weaker when the signal was calculated as flu-
orescence from the area imaged (Fig. 6B). Aside from being weak,
optical signals were also less focalized in the knock-out animals
compared with control animals (Fig. 6A,B). We could also see
that the numbers of pixels with fluorescence value >90% of all
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Figure 3.

Cortical lamination and thalamocortical axon targeting. Immunolabeling for 5-HTT (4, D), Nissl staining (B, E), and CO histochemistry (C, F) in coronal sections indicate that TCAs in

ThNR1KO mice target primarily layer 4 (D—F) but, unlike the controls (4—C), they do not form discrete terminal patches and cellular barrels are absent. G—J, Show VGLUT2 immunostaining at P7 in
control (G, /) and ThNRTKO mice (H, J) at low (G, H) and high (1, J) power. Note that the apparent density of TCAs in the knock-out case is weaker. K-N, lllustrate VGLUT2 immunostaining in adult
control (K, M) and TANR1KO mice (L, N). Land N are higher power views of layer 4 and asterisks mark the same blood vessels in low- and high-power micrographs. Cortical layers are marked in some
photomicrographs. WM, white matter. Arrowheads point to layer 4 barrel fields. Scale bars: (in F) A—F, 400 wm; (in N) 1,J, M, N, 50 wm; G, H, K, L, 150 um.

the pixels in the imaging area were much lower (Fig. 6C,D). Ad-
ditionally, the C2 whisker-evoked signal in the mutant barrel
field was roughly topographic but diffuse with an irregular shape
and less clear border (Fig. 6C,D). These results indicate weakened
and less specific whisker-evoked activity in the barrel cortex.

Behavioral phenotype of the ThNR1KO mice

The behavioral tests (Figs. 7, 8), we used can be classified into four
categories: (1) general whisker sensation and paw sensation: in
this group we have the gap-crossing, edge-approach, sticky pa-
per, and grid-walking tests; the last two tests are for the paw
representation, which is normally patterned (but absent in the
knock-out mice) in the VPL portion of the VB complex; (2)
general sensorimotor ability tests: bridge crossing, swimming,
and hanging from a wire; (3) whisker-specific sensory tests: ex-

ploratory and discriminative whisking, and object-shape and
texture-discrimination tasks; and (4) cognitive and social behav-
ior tests: open field, spatial memory (Y-maze), and social behav-
ior. The tests we chose were not a generic battery of mouse
behavior tests. Normally raised B6 mice show poor performance
in many of these tests when their whiskers are bilaterally clipped
(H. Arakawa and R.S. Erzurumlu, submitted).

In whisker and paw sensation tests, performance of
ThNRI1KO mice was significantly poor. In the gap-crossing test,
both under light and dark conditions, they crossed much shorter
differences (Fig. 7). Whisker- and paw sensory-dependent float-
ing in water score was low. In the edge-approach test the distance
for body reaching was also shorter than controls. A striking dif-
ference was observed between the mutant and control groups in
the sticky paper test. While the control animals quickly removed
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Figure4. Altered barrelfields in TANR1KO mice. A variety of cellular, axonal, and mitochon-
drial markers all showed that barrels fail to develop in TANR1KO mice even though an incom-
plete and ill-defined TCA terminal patterning related to large, caudal whiskers developed. 4, B,
Barrel patterning as seen with VGLUT2 () and NeuN (B) of control mice. A’, B, Show similar
cortical views from ThNRTKO mice. €, C’, Respective merged images; whisker barrel rows a—e
areindicated. D, D", Compare TCA terminal patterning in control (TCA-GFP) and ThNRTKO; TCA-
GFP mice at P7, respectively, visualized by GFP fluorescence. Note that with similar imaging
conditions the GFP labeling is weak in the mutant (ThNR1KO;TCA-GFP) mouse cortex. Similar
pairs of micrographs are shown for 5-HTT immunostaining (E, E’), CO staining (F, F'), Nissl
staining (G, G"), Cux1immunostaining (H, H'), and DAPI staining (/, I"). Scale bars, 250 wm.

the paper from their paw, mutant mice took much more time.
Significant differences were also observed in the grid-walking test
(Fig. 7).

In general sensorimotor tests, ThNR1KO mice took a longer
time to cross the bridge to a safe platform compared with control
mice, but their motor ability to hang from a wire was not im-
paired (Fig. 7).

Previous reports identified two classes of “whisking” behavior
in mice and rats: a large amplitude “exploratory” whisking at
~6-10 Hz and a lower amplitude high-frequency(>10 Hz) “dis-
criminative” whisking pattern (Carvell and Simons, 1990, 1995;
Landers and Philip Zeigler, 2006). Exploratory whisking is com-
mon while mice move around; discriminative whisking is char-
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Figure5.  PPRin control and ThNR7KO mice. A, B, In hoth control and TANRTKO mice, layer

4 cells showed adapting regular spiking during membrane depolarization. €, D, Stimulation of
VB induced EPSCs with a long duration at +60 mV holding potential (H.P.) and with a short
duration at —70 mV not only in control, but also in ThNRTKO mice, indicating that layer 4 cells
have both AMPARs and NMDARs. , In control mice, the amplitude of the second EPSC was
smaller than that of the first EPSC (paired-pulse depression), indicating that the TCAs have a
high transmitter release probability. Arrowheads indicate VB stimulation. The averaged PPR
was 50.4 = 3.7% (n = 15; G, white bar). F, In ThNRTKO mice, the second EPSC was always
larger than the first EPSC (paired-pulse facilitation), indicating that the transmitter release
probability of thalamocortical terminals was low. The averaged PPR was 136.8 = 6.7% (n =9,
G, black bar). G, The difference in PPR between control and TRNRTKO mice was highly significant
(p < 0.0001).

acteristic when the whiskers come into contact with an object.
These whisking patterns are distinct from whisker movements
during breathing, which are typically slow vibrations at ~5 Hz.
We observed whisking with a high-speed camera (120 fps) and
measured the frequencies and types of whisking when mice
whisked in the air or investigated an object (Fig. 8). We found
that mice tended to show symmetrical whisking (horizontal
movement in all directions) when they did not contact an object
and active whisking (bundled and oriented movement with a
high pitch forward) toward an object presented. ThNR1KO mice
displayed a lower frequency in active whisking, but not in sym-
metry whisking, compared with controls (*p < 0.05). Control
mice show faster frequency in active whisking than symmetry
whisking (*p < 0.05; Fig. 8). When mice were presented with an
object, control mice showed active whisking in a high ratio com-
pared withThNR1KO mice (Fig. 8).
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Comparison of voltage-sensitive dye optical imaging in control and TANR1KO barrel cortex. A, Pseudocolor maps showing single-whisker (E2) stimulation fluorescence changes in a

control mouse. The time after stimulus onset is indicated at the top left corner of each image; duration of each frame is 5 ms. B, Voltage-sensitive dye optical images showing single-whisker
stimulation fluorescence changes in a TANR1KO mouse. The time after stimulus onset is indicated at the top left corner of each image; duration of each frame is 5 ms. Note that the activated area in
the barrel cortex of the knock-out mouse has a much less distinct border and is less focalized compared with the control case. €, Examples of imaging data showing only the pixels (red dots) with the
highest value (>90% of all pixels in the entire field of view) of fluorescence changes after C2 whisker stimulation in a control and a TANRTKO mouse. The time after stimulus onset is indicated at the
top left corner of each image; duration of each frame is 5 ms. D, Quantitative analysis of the number of pixels with overthreshold value of signal (x-axis) for the control and TANRTKO mice ( y-axis).
Number of pixels with the highest value of fluorescence is calculated at 40 ms after the stimulus onset. E, lllustration of the (2 whisker stimulation and the barrel field.

In discriminatory testing, there were notable differences be-
tween the ThNR1KO and control mice. In both the object-
recognition and object-texture discrimination tests, two identical
objects were presented in the home cage on Trial 1. On Trials 2
and 3, one of these objects was changed to a novel one. If mice
recognize a novel object, they tend to investigate the novel object
more than a familiar object presented on the previous trial (trial
difference compared with Trial 1; *p < 0.05). Mice were able to
see the objects visually presented in their cages in the object-
shape recognition test, but they were able to use only tactile/
texture information about objects in the object-texture
recognition test. Significant group differences (compared with
controls, *p < 0.05) were found on Trials 2 and 3 in the texture
recognition test (Fig. 8top, right). Briefly, ThNR1KO mice
showed a similar preference ratio on Trials 2 and 3 with Trial 1,
while control mice displayed a higher novel preference on Trials 2
and 3 compared with Trial 1. These data suggest that control mice
were able to distinguish objects’ novelty by visual cue (shape) and
tactile cue (texture), while ThNR1KO mice were able to distin-
guish objects’ novelty by these shape differences but not by ob-
jects’ texture differences.

In the last part of our behavioral analyses, we tested the mice
for spatial memory, exploratory behavior, and social behaviors.
In the open-field measurement, we observed exploration of mice
in a dimly lit (red light) field, which allowed us to see whisker-
dependent exploratory tendencies in mice. In the Y-maze spon-
taneous alternation (working memory) and open-field tests, we
did not see differences between the mutant and control mice.

In the social behavior test, significant differences were present
between the groups (*p < 0.05). Social contacts were counted as
the duration that the mouse’s head contacted the opponent’s
body (front or back of the opponent’s bodies). Flight response
indicated the ratio of the response in the total events of contacts
from the opponent. ThNR1KO mice display a decreased contact
to the front of the opponent and show remarkably increased
flight response when the opponent contacts their back (Fig. 8).
Due to recombination conditions in our mice, we cannot attri-
bute these social and cognitive behavioral deficits solely to
NMDAR loss of function in the sensory thalamus; the serotoner-
gic system arising from the midbrain may also contribute.

Discussion

Previously, we and others showed that when excitatory cortical
neurons lack functional NMDARSs, they fail to detect patterning
of presynaptic TCA inputs (Iwasato et al., 2000; Datwani et al.,
2002; Lee et al., 2005a; Espinosa et al., 2009; Mizuno et al., 2014).
Furthermore, earlier studies revealed that when NMDAR func-
tion is disrupted or reduced globally, brainstem barrelette pat-
terning is impaired (Li et al., 1994; Kutsuwada et al., 1996), and all
the patterns throughout the trigeminal system are lost (Iwasato et
al., 1997). The requirement for coincidence detection property of
NMDARs in patterning of whisker-barrel neuraxis was also dem-
onstrated by a study in which a point mutation to the Grinl
(NR1) gene led to the expression of functional NMDARs that are
Mg>" insensitive and Ca®" impermeable (Rudhard et al., 2003).
These mice lacked brainstem barrelettes, while the topographic
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Figure 7. Whisker and paw sensation is impaired in TRNRTKO mice. In the gap-crossing test, TINRTKO mice cross shorter gap distances than controls (NR1 %) both in the light (thy =
573782, p < 0.001) and in the dark (infrared) condition (t;o, = 3.4295, p = 0.0063). In the edge-approach test, TANR1KO mice reach a shorter distance compared with control mice (¢.,,) =
8.6346, p << 0.0001). In the swimming test, TANRTKO mice show a similar level of paddling (t;,,) = 0.2614, p = 0.797), but significantly shorter floating time than controls (t,,) = 8.8859, p <
0.0001). ThNR1KO mice display a longer latency for licking a sticky paper off their hindpaw than controls (g, = 3.231, p = 0.012). In the grid-walking test, THNR1KO mice show lower correct step
ratio than controls for both the forepaws (t,, 5y = 4.2037, p = 0.0009) and the hindpaws (,,, = 4.62988, p = 0.0004). In the bridge-walking test, TANRTKO mice show significantly longer duration
for reaching a platform than controls (two-way ANOVA: strain F; ,,) = 81.616,p << 0.0001; trial F; g = 5.141, p = 0.0125; and strain X trial F, ,5) = 1.373, p = 0.2699). However, in the wire
hanging test, there was no significant difference in hanging duration (¢,,) = 0.0435, p = 0.9659) between the TANRTKO and the control mice.
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Figure 8. Whisking and tactile sensation are impaired in TANR1KO mice. TANR1KO mice show lower ratio of active whisking when the whiskers contact an object compared with control
(NR7 fo/fo%) miice (tq) = 6.2515, p < 0.001). This ratio was calculated by the number of active whisking observed during the total whisker contacts with an object (at least 10 events for each
mouse). TANRTKO mice display similar frequencies of whisker vibration during symmetry whisking, but lower frequencies during active whisking compared with controls (two-way ANOVA: strain
Fi1,27y = 6.976, p = 0.0136; trial F; ;) = 0.646, p = 0.4287; and strain X trial F; ;) = 5.079, p = 0.0325). In the object-recognition test, there were no significant differences between the
knock-out and control groups throughout trials. However, the preference ratios on Trials 2 and 3 were higher than Trial 1 (two-way ANOVA: strain f; ,,, = 0.880,p = 0.3641; trial f 5 ,5) = 20.509,
p < 0.001; and strain X trial £, ,5) = 0.099, p = 0.9062). In the texture-discrimination test, TANR7KO mice show significantly lower preference than controls on Trials 2 and 3 but not on Trial 1
(two-way ANOVA:strain F; ) = 19.615,p = 0.0006; trial F, , = 5.258,p = 0.0115; and strain X trial F, ,¢) = 20.628, p << 0.0001). In the open-field test, there were nosignificant differences
inlocomotion (¢, = 0.89204, p = 0.3933) or risk assessment (t;,, = 0.9876,p = 0.3401). In the Y-maze (spatial ability), there was no group difference in spontaneous alteration (¢, = 1.6723,
p = 0.1166). However, in the social behavior test, TANRTKO mice display lower contacts toward the front of the opponent (;,,, = 2.5903, p = 0.021), while similar contacts toward the back of the
opponent (t,,) = 0.4318, p = 0.6725). TANR1KO mice also show higher flight response ratio when approached by another mouse from the back (¢, = 2.492, p = 0.0259), but not so much when
approached from the front (t,g) = 1.9151, p = 0.0918).

projection of trigeminal afferents and gross brain morphology Here, we asked the question that if NMDAR function is selec-
appeared normal. NMDAR signaling is important in patterning  tively disrupted in thalamic VB neurons, which lie between the
of neural connections along the rodent somatosensory pathway  brainstem and the cortex, can the PrV afferents form patterns in
(Lietal., 1994; Kutsuwada et al., 1996; Iwasato et al., 1997,2000;  the VB and VB cells convey them to the cortex? In ThNR1KO
Rudhard et al., 2003). mice, the presence of barrelettes but absence of barreloids in the
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VB and as a consequence absence of barrels in the SI cortex was
predicted. Patterning of TCA terminals, corresponding to large
caudal whiskers, was unexpected. When lemniscal axons do not
form patterns in the VB and VB neurons do not form barreloids,
how some TCAs still form any patterning in the cortex remains
unresolved. A weak patterning corresponding to the large whis-
kers in CxNR1KO mice was also noted (Iwasato et al., 2000). It is
possible that non-NMDAR-mediated mechanisms, perhaps the
fast AMPA component of the thalamocortical transmission, also
participate in terminal patterning of TCAs that correspond to
large caudal whiskers. Perhaps, if total NR1KO mice (Li et al.,
1994) were to live longer a weak TCA patterning could be dis-
cerned in the cortex, albeit absence of any patterning in the
brainstem.

Postsynaptic NMDARs play a major role in dendritic orienta-
tion of pattern-forming cells in the brainstem and in the barrel
cortex (Datwani et al., 2002; Lee et al., 2005b; Mizuno et al.,
2014). A recent study showed that BTB/POZ domain-containing
3 (BTBD3) translocates to the cell nucleus in an activity
(NMDAR)-dependent manner and controls dendritic orienta-
tion of layer 4 cells toward active patches of TCA terminals during
development (Matsui et al., 2013). Ectopic expression of Btbd3
can also direct stellate cell dendrites toward active axon terminals
in the mouse visual cortex or when expressed in the ferret visual
cortex (Matsui et al., 2013).

The impact of neurotransmitter release on barrel formation
was analyzed in RIM-DKO 5" mice, which lack thalamic RIM1
and RIM2 proteins (Narboux-Néme et al., 2012). A reduction of
thalamocortical neurotransmission efficacy by 67% led to a bar-
relless phenotype with relatively normal patterning of TCAs.
Phenotype of thalamus-specific VGLUT1 and 2 double knock-
out mice further underscored the role of efficient presynaptic
activity in pattern formation and even cortical lamina-specific,
cell-type differentiation in the barrel cortex (Li et al., 2013).

We found that thalamocortical transmission of whisker-
related information is substantially impaired in ThNR1KO mice.
In the absence of NMDAR-mediated postsynaptic response, the
duration of excitatory response of VB neurons was much shorter.
As reported before for the CxNR1KO barrel cells (Lo et al., 2013),
the shortened EPSPs impede synaptic transmission of (slowly
adapting) signals. Present results from the ThNR1KO VB also
present a similar scenario. In the rodent VB, 37% thalamocortical
projection neurons are slowly adapting with an average firing rate
of ~24 spikes per second (Simons and Carvell, 1989). In the
trigeminal ganglion cells, tonic responses represent amplitude of
whisker deflection (Shoykhet et al., 2000; Stiittgen et al., 2006).
Thus, the whisker-related information encoded by tonic re-
sponses cannot faithfully reach the barrel cortex in ThNR1KO
mice. The low Pr of TCA terminals of ThNR1KO mice further
weakens the synaptic transmission from VB to the barrel cortex.

Presynaptic NMDARSs are present in the cerebral cortex and
are proposed to increase glutamate-release probability (Brasier
and Feldman, 2008; Rodriguez-Moreno et al., 2010; Duguid,
2013). In ThNRIKO mice, since VB cells lack functional
NMDARSs, it is reasonable to assume that presynaptic NMDARs
are also absent in TCA terminals, subsequently contributing to
the decreased Pr. The reduction of the released transmitter from
TCAs would make it difficult to induce postsynaptic spikes dur-
ing whisker deflection. Voltage-sensitive dye imaging experi-
ments also support this interpretation. Deflection of a single
whisker evoked a much weaker barrel cortex activity, albeit
roughly topographical. Most likely the precision and intensity of
whisker-evoked signals are blurred in the diencephalon.
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To what extent does the absence of whisker- and paw-related
patterns in the thalamus, and as a consequence in the cortex,
affect the behavior of the animal? We are not aware of any behav-
ioral tests for VB function alone. Further, any cellular or molec-
ular disruption confined to VB will also affect the downstream
target the neocortex. Nonetheless, we tested the ThNR1KO mice
in a variety of behavioral tasks, most involving whisker-related
sensory processing.

Whiskers are essential for a variety of tasks, such as gap dis-
tance and cliff assessment, spatial perception, object localization,
and shape and texture discrimination (Schiffman et al., 1970;
Hutson and Masterton, 1986; Carvell and Simons, 1995; Krupa et
al., 2004; Ahissar and Knutsen, 2008; O’Connor et al., 2010;
Kleinfeld and Deschénes, 2011; Deschénes et al., 2012). Whiskers
are also involved in social behaviors, e.g., huddling (Landers and
Sullivan, 1999) whisker “barbering” (Sarna et al., 2000). We did
not note impairment in general motor abilities of the ThNR1KO
mice; both the whisker and paw sensation-dependent behavioral
performances were poor relative to control mice.

Testing for cognitive and social behaviors did not reveal defi-
cits in spatial memory or locomotion and risk assessment in an
open field. However, in social behaviors mutant mice spent less
time contacting a conspecific and showed increased flight re-
sponse when contacted by another mouse. These observations
suggest that impaired whisker sensation, along the thalamocorti-
cal segment of the ascending trigeminal and dorsal column lem-
niscal system, may account for altered social behaviors.

An important caveat to the studies and interpretations pre-
sented here is that since we used 5-HTTCre, recombination was
not exclusively restricted to the VB and other sensory thalamic
nuclei but was also present in the serotonergic raphé nuclei and to
a lesser degree in the cingulate cortex. The cingulate cortex does
not have any known direct connections with the whisker-barrel
neuraxis, but the raphé serotonergic system does. Serotonergic
“modulatory” projections to the VB or the barrel cortex may also
play arole in the pattern and behavioral phenotypes we observed.
We do not think that this possibility is likely for a number of
reasons. First, although there are serotonergic projections from
the raphé nuclei to the brainstem trigeminal nuclei, whisker-
specific patterning was not affected in the brainstem of
ThNR1KO mice. Second, barrel pattern deficits related to 5-HT
have been shown only in mice that have excess 5-HT in the neo-
cortex as a consequence of a lack of 5-HT degrading enzyme
monoamine oxidase A (MAOA) or in 5-HTT knock-out mice
(Cases et al., 1996; Persico et al., 2001). In both cases, pharmaco-
logical or genetic blockade of 5-HT signaling restored barrel for-
mation (Cases etal., 1996; Persico et al., 2001; Rebsam et al., 2002,
2005). It appears that 5-HT excess, rather than deficiency, dis-
rupts barrel formation in MAOA knock-outs, and loss of SHTT
in TCAs rather than in raphé axons is responsible for pattern
deficits seen in SHTT knock-out mice. Finally, Pet1 “"¢/Lmx1b 1°*
mice, which lack all serotonergic neurons, develop barrelettes in
the brainstem, barreloids in the VB, and barrels in the cortex (R.S.
Erzurumlu, unpublished results). Thus, it is reasonable to con-
clude that thalamic and cortical pattern deficits in ThNR1KO
mice are due to loss of NMDAR function in the VB rather than in
the raphé nuclei.

At the present time we do not know how impaired NMDAR
function in serotonergic neurons might impact their modulatory
activity of other circuits. Pet1 “"/Lmx1b * mice reportedly show
differential pain sensitivity but exhibit normal locomotor activity
(Zhao et al., 2006, 2007). In another mouse model with condi-
tional vesicular monoamine transporter 2 gene deletion, increase
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in escape-like reactions in response to tail suspension and anxiety
responses were found without notable locomotor deficiencies
(Narboux-Néme et al., 2011). Pharmacological lowering of sero-
tonin levels in mice did not change the behavior of mice in the
forced swim test or tail suspension test (van Donkelaar et al.,
2010; Poleszak et al., 2011). These studies, which focus on loss of
serotonin or significant reduction in brain 5-HT levels, do not
suggest potential confounding effects in our behavioral results
and interpretations, but we cannot discount the possibility that
several of the behavioral deficits we observed may have resulted
from a combination of sensory thalamus and raphé serotonergic
system NMDAR impairment.
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