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Long-term synaptic potentiation (LTP) is thought to be a key pro-
cess in cortical synaptic network plasticity and memory formation'.
Hebbian forms of LTP depend on strong postsynaptic depolarization,
which in many models is generated by action potentials that propa-
gate back from the soma into dendrites**. However, local dendritic
depolarization has been shown to mediate these forms of LTP as well .
As pyramidal cellsin supragranular layers of the somatosensory cor-
tex spike infrequently®, it is unclear which of the two mechanisms
prevails for those cells in vivo, Using whole-cell recordings in the mouse
somatosensory cortex in vivo, we demonstrate that rhythmic sensory
whisker stimulation efficiently induces synaptic LTP in layer 2/3 (L2/3)
pyramidal cells in the absence of somatic spikes. The induction of
LTP depended on the occurrence of NMDAR (N-methyl-p-aspartate
receptor)-mediated long-lasting depolarizations, which bear simi-
larities to dendritic plateau potentials®?, In addition, we show that
whisker stimuli recruit synaptic networks that originate from the
posteromedial complex of the thalamus (POm). Photostimulation
of channelrhodopsin-2 expressing POm neurons generated NMDAR-
mediated plateau potentials, whereas the inhibition of POm activity
during rhythmic whisker stimulation suppressed the generation of
those potentials and prevented whisker-evoked LTP. Taken together,
our data provide evidence for sensory-driven synaptic LTP invivo, in
the absence of somatic spiking. Instead, LTP is mediated by plateau
potentials that are generated through the cooperative activity of lem-
niscal and paralemniscal synaptic circuitry'*',

In most cortical synaptic LTP studies in vivo, strong postsynaptic depo-
larization was provided by action-potential-triggering somatic current
injections®. To examine whether sensory stimuli can elicit LTP of syn-
apticinputs on L2/3 pyramidal cellsin the mouse somatosensory cortex
without the help of artificially triggered backpropagating action poten-
tials, we recorded sensory-evoked postsynaptic potentials (PSPs) in the
barrel cortex in vivo, and applied a rhythmic whisker stimulation (RWS)
protocol that has been shown to enhance whisker-evoked local field
potentials'”. Whole-cell patch recordings were targeted to cells above
the C2 barrel of urethane-anaesthetized mice®'® (Fig. 1a). Using a pie-
zoelectric actuator, the principal whisker was deflected back and forth
(100-ms deflections) for 1 min at a frequency of 8 Hz, which is within
the range of frequencies at which mice sample objects'®, In all cells, RWS
evoked a sustained subthreshold depolarization (Fig. 1a), which was rem-
iniscent of an evoked, NMDAR-dependent, cortical upstate'**. None
of the recorded cells displayed somatic action potentials during RWS.
On average, RWS elicited a significant potentiation of subsequent sin-
gle (0.1 Hz) whisker-deflection-evoked short-latency PSP amplitudes
(PSP, Fig. 1b, c; values for Figs 1-4 are provided in Supplementary
Information). This LTP lasted for aslong as the cells could be recorded
from (atleast 15 min after RWS), and correlated with the decay time of
the sustained depolarization (Extended Data Fig. 1a, b). Pharmacolo-
gical or hyperpolarization-mediated suppression of NMDAR conduc-
tance specifically attenuated the RWS-evoked sustained depolarization,

and prevented LTP (Fig. 1d-i, Extended Data Fig. 1 and Supplementary
Note 1). RWS-induced LTP remained specific to the rhythmically stim-
ulated synaptic pathway (Extended Data Fig, 2 and Supplementary Note 2),
increased gradually over a timescale of minutes, and was occluded upon
asecond RWS 10 min after the first stimulation (Extended Data Fig. 3a,b).
RWS and hyperpolarization did not significantly alter intrinsic cell mem-
brane properties, and small changes thereof did not correlate with the
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Figure 1 | Rhythmic whisker stimulation induces LTP in L2/3 neurons,

a, Top, schematic of recordings in L2/3 cells in vivo. PSPs and RWS are evoked
by the principal whisker (wC2). Bottom, example trace of sustained
depolarization induced by RWS (8 Hz for 1 min; black bar). b, Single-cell
whisker-evoked short latency PSP amplitudes (PSPysor; See €) before and
after RWS. c, Top, single-cell averaged traces, pre and post RWS. Grey box,
PSP, window. Bottom, mean amplitudes, pre and post RWS (n = 11,

*%p = (,008). d, Cumulative RWS-induced depolarization. e, Mean cumulative
depolarization at the end of RWS and amplitudes of the first PSPyhore upon
RWS (control, n = 11; +DAP5, n = 7; P = 0.028 (left) and P = 0.703 (right)).
f, Single-cell whisker-evoked PSP, amplitudes upon epidural DAP5 (1 mM).
g, Top, single-cell averaged traces, pre and post RWS under DAPS. Bottom,
mean amplitudes, pre and post RWS under DAPS (n = 7, P = 0.344). h, Mean
PSP 0 amplitudes without RWS, and pre and post RWS in controls and under
DAPS. i, Mean amplitudes normalized to baseline (RWS, n = 11; RWS
+DAPS, n = 7; Control, n = 7; P<0.009, one-way ANOVA; *P < 0.05,
post-hoc comparisons versus RWS control). Error bars, s.e.m; square pulse
lines, whisker deflections (100 ms); grey lines between bars, pairs.

5 A0 18 x O
Tione (min}

!Departrnent of Basic Neurosciencesand the Center for Neuroscience, CMU, University of Geneva, 1 rue Michel Servet, 1211 Geneva, Switzerland. ?Lemanic Neuroscience Doctoral School, 1 rue Michel

Servet, 1211 Geneva, Switzerland. tPresent address: Institute for
*These authors contributed equally to this work.

isciplinary N

116 | NATURE | VOL 515 | 6 NOVEMBER 2014

e (IINS), UMR 5297 CNRS and University of Bordeaux, 146 rue Léo-Saignat, 33077 Bordeauyx, France.

©2014 Macmillan Publishers Limited. All rights reserved



a +D4APS 1 mM
1.2 ]
‘E‘O.B LLEH U )
=
fpoa M
00 e
0 10 20 30
c +DAPS 1 mM
e———
e T
o
o 0
£
— e——— -
0 10 20 a0 P00
Time (min) 079 ngﬁ %
2 ey 1 o
) N L Ii’ll
=1 od .
El E -eamv & 1P =0007
B S -05my O T
a. g * "
g 4
-G8 m ‘{ Lo
-samy & 0d X
105 mV K ﬁ@&*&\@‘
-1usmm S S
ey o 2
Y k L 1 control
] Membrane potential %, Post 160 AWS + DAPS 1 mM
140
g @
§ 120

%K:“;.Hypef
®

0 WRWS + Hyper

Sl A R
-0 -5 0 5 10 15 o 0.0 0.5 10
Time {min} & a Plateau strangth (norm)
* Qo‘g(

Figure 2 | Whisker deflections evoke NMDAR-mediated plateau potentials.
a, Mean whisker-evoked 100-ms PSP integrals in controls (grey,n=7), and
upon epidural DAP5 (blue, n = 5). b, Single-cell averaged traces (n = 40 trials).
NMDAR-mediated plateau; DAP5-trace subtracted from control

trace. ¢, Mean Index,jeau (See Extended Data Fig. 4) of same cells as in a.

d, Mean PSP integrals and plateau probabilities (n = 5, **P = 0,004 (left) and
*¥P = 0.002 (right)). e, Single-cell examples of responses at two different
holding potentials (grey, single trials; blue, averaged traces), f, Top, averaged
traces from e. Bottom, traces normalized to PSP, in order to compensate for
increased driving force, showing that hyperpolarization blocks the plateau,

8 Mean PSP integrals and plateau probabilities (n = 11, ***P < 0,001).

h, Single-cell averaged traces under control (dark blue) and various NMDAR
conductance-reducing conditions. i, Comparison of mean plateau potential
probabilities and integrals under various conditions (control, n = 44; 10 puM
DAP5, n = 9;1 mM DAPS5, n = 12; iMK801, n = 10; Hyper,n =11; P < 0.001
(top) and P = 0.007 (bottom), one-way ANOVA; *P < 0.05, post-hoc
comparisons versus control). j, Single-cell PSPy, amplitudes recorded at
resting membrane potential (—70 mV) before and after RWS. The cell was
hyperpolarized (—100 mV) during RWS. k, Top, single-cell averaged traces, pre
and post RWS upon hyperpolarization. Grey box, PSPy, window. Bottom,
mean amplitude, pre and post RWS recorded at —70 mV, but upon
hyperpolarization during RWS (1 = 9, P = 0.993). I, Normalized plateau
strength predicts the level of RWS-induced LTP in controls (nonlinear
regression; R = 0.76, P = 0.002). DAP5 blocks plateaus and LTP, Neurons
with high plateau strengths fail to potentiate when hyperpolarized during RWS
(PSPyhor, mean: 103.6 & 6%, n = 9). Error bars, s.e.m; square pulse lines,
whisker deflections (100 ms); grey lines between bars, pairs.

magnitude of LTP (Extended Data Fig. 3c-n). Together, the data indi-
cate that RWS elicits bona fide synaptic LTP by evoking a cell autono-
mous and sustained NMDAR-dependent subthreshold depolarization.

Wenext investigated what may cause the sustained subthreshold depo-
larization upon RWS. In accordance with previous reports single whisker
deflections typically evoked compound PSPs, containing short- and long-
latency components, which is similar to the sparse, temporal, spiking pro-
files of L2/3 cells (Fig. 1c and Extended Data Fig, 4a, b)*-2. Short-latency
PSPs were always present. Long-latency PSPs occurred with variable prob-
abilities in different cells. They had an all-or-none, nonlinear appearance
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Figure 3 | Plateau potentials depend on POm activity. a, b, POm neurons
were transfected with adeno-associated virus (AAV)-GCaMP5G and their
axons were imaged in L1 of the barrel cortex (b). ¢, Example traces of Ca?*
signals (AF/Fp) in POm axonal boutons upon whisker deflection bouts (5 at
20 Hz; grey lines). d, Example of a responsive (blue arrowhead) and an
unresponsive (red arrowhead) axon. Scale bar, 5 pum. e, Top, whisker-evoked
(dashed line) Ca®* signals (AF/F;) in the boutons of d (rows, 10 successive
trials). Bottom, mean whisker-evoked Ca®* signals in the two boutons.

f, Photostimulation of ChR2-expressing POm neurons using an optical fibre,
and ChR2 expression profiles in the thalamus (inset) and cortex. g, Single-cell
examples of photostimulus-evoked PSPs (in 1.2/3 cells) before (left) and

after DAP5 (right). Grey, single trials; blue, averaged traces; black bar,
photostimulus. h, Photostimulus-evoked PSP integrals as a function of stimulus
duration (normalized to the maximal integral upon a 100-ms pulse +DAP5
(control, n = 7; DAPS, n = 5; **P = (.002)). i, Averaged 100-ms light-pulse-
evoked PSPs from g. NMDA-plateau: DAP5-trace subtracted from control
trace. j, Comparison of 100-ms light pulse-evoked and whisker-evoked PSPs
(whisker, n = 33; light, n = 11; P=0.918 (top); **P < 0.01 (bottom)).

k, Coronal brain section with fluorescent muscimol in the POm. 1, Single-cell
averaged traces of 100-ms whisker-evoked PSPs in controls and after POm
inactivation, with and without DAPS5, m, Effects of POm inactivation on
PSPjpon (control, n = 33; muscimol, n = 9; P = 0.095), plateau potential
probabilities (control, n = 44; muscimol, n = 9; ***P < 0.001, Mann-Whitney
U-test), and PSP integrals (over 300 ms; control, n = 33; muscimol, n = 9;
100 ms light, n = 13; P = 0.002, one-way ANOVA, and *P < 0.05, post-hoc
comparisons versus control). Error bars represent s.e.m.

and were selectively attenuated upon an NMDAR block (Fig. 2a-d and
Extended Data Fig. 4a-g). This indicates that long-latency PSPs share
similarities with plateau potentials®*, We termed them accordingly.
Importantly, plateau potentials, but not short-latency PSPs, were also
significantly attenuated upon a cell-autonomous suppression of NMDAR
conductance using artificial hyperpolarization (—100 mV), or intracel-
lular MK801 (1 mM) (Fig. 2e~i and Extended Data Fig, 4g). Conversely,
when holding the neuronsat a slightly depolarized state, or in some occa-
sions at resting states, these potentials evoked spikes (Fig. 2e). This sug-
gests that whisker-evoked long-latency spiking under normal conditions
isassociated with the occurrence of NMDAR-dependent plateau poten-
tials (Extended Data Fig. 4b)'*'**'*, The occurrence of plateau poten-
tials was not critically dependent on the 100-ms duration of the whisker
deflections (Extended Data Fig. 4h—j).
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Figure 4 | RWS-evoked LTP depends on POm-mediated plateau potentials.
a, Example of POm axonal bouton Ca®* dynamics (AF/Fy) upon RWS. b, Ca**
signals in POm boutons upon whisker-deflection bouts (grey lines) and
RWS. ¢, Mean RWS-induced Ca* signals in the 25 most active (blue) and
least active (red) boutons (see Extended Data Fig. 6). Shaded area, s.d.

d, Integrated responses before, during and after RWS (n = 765; ***P < 0.001).
e, Example of the membrane depolarization (L2/3 cell) upon rhythmic
photostimulation of POm (20 flashes at 8 Hz) or RWS (20 stimuli at 8 Hz).
Black bar, stimulus period. f, RWS-induced membrane depolarization upon
muscimol-POm inactivation or DAP5, g, Mean integrated membrane
potentials (over 2.5 s) (control, n = 14; muscimol, # = 4; DAP5, n = 15;

light 8 Hz, n = 5; P = 0.01, one-way ANOVA; *P < 0.05 and **P < 0.01,
post-hoc comparisons versus control). h, Single-cell whisker-evoked PSPspon
amplitudes before and after RWS upon muscimol-mediated POm inactivation.
i, Top, single-cell averaged traces, pre and post RWS. Grey line, PSPynon
window, Square pulse line, whisker deflection (100 ms). Bottom, mean
amplitudes pre and post RWS upon POm inactivation (n = 9, P = 0.972). Grey
lines between bars, pairs. j, Comparison of normalized PSPgqr amplitudes
upon RWS in controls, and after a POm or NMDAR block (control, n = 11;
muscimol, n = 9; DAP5, n = 7; Hyper, n=9; P = 0.015, one-way ANOVA,
and *P < 0.05, post-hoc comparisons versus control). Error bars, s.e.m.

NMDAR-mediated plateau potentials or summating NMDA spikes
have been observed in various cell types in the somatosensory cortex in
vivo'®11 where they are characterized by local and spreading dendritic
Ca®™" transients. We confirmed that under our conditions too, single whis-
ker deflections evoke Ca®" transients in spines and dendritic shafts, both
under wakefulness (data not shown) and anaesthesia. Local and large-
scale events occurred at various positions in the dendritic tree (Extended
Data Fig. 5a-e and Supplementary Note 3). These responses were dimin-
ished upon an NMDAR block, and increased upon RWS (Extended Data
Fig. 5f-j), similar to the plateau potentials and sustained depolariza-
tion in our whole-cell recordings. Together, this indicates that single-
whisker-deflection-mediated plateaus and the RWS-mediated sustained
depolarization in our recordings are likely to be supported by NMDAR-
mediated dendritic Ca®* events'®!1>%, '

The plateau strength of neurons (that is, the product of the probability
for a whisker deflection to elicit a plateau potential and the average inte-
grated depolarization) correlated with the magnitude of RWS-induced
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LTP (Fig. 21). Neurons bearing high plateau strengths could not be poten-
tiated when they were hyperpolarized during RWS (Fig. 2j-1). This strongly
suggests that the plateau potentials are essential for RWS-induced LTP.

Next, we questioned what could be the synaptic source of NMDAR-
mediated plateau potentials. Previous studies indicate that in the somato-
sensory cortex they are generated by coincident activity of segregated
excitatory synaptic pathways'®'"'*, We reasoned that in anaesthetized
mice plateau potentials may depend on co-activation of intracolumnar
lemniscal and thalamocortical paralemniscal pathways'®!". Paralemnis-
cal input to L2/3 cells may be directly or indirectly provided by thal-
amic POm efferents that target pyramidal cell dendrites in L5A and
L1 (refs 14-16, 26-29). This system is involved in the kinematics of
whisking'® and may provide feedback information to pyramidal cells'.

To test whether POm efferents are activated by passive whisker stim-
uli'®#2%, we expressed the genetically encoded Ca** indicator GCaMP5G
in POm neurons (Fig. 3a, b), and imaged responses in their projections
to somatosensory cortex L1 through a cranial window. Whisker deflec-
tions evoked Ca® " transients with variouslatencies in a substantial por-
tion of the terminals in awake and anaesthetized mice (Fig. 3c-e and
Extended Data Fig. 6). The shortest response times matched the laten-
cies of the plateau potentials. Furthermore, the pattern of activation
was widespread and did not remain limited to the whisker’s home barrel
column (Extended Data Fig. 7a-c and Supplementary Note 4). Interest-
ingly, and in contrast to short-latency PSPs, the plateau potentials were
not selective for the principal whisker, which supports the possibility
that the POm thalamocortical circuitry is indeed involved in generat-
ing them (Extended Data Fig. 7d, e).

To test this directly we expressed the recombinant light-gated ion chan-
nel channelrhodopsin-2-Venus (ChR2-Venus) in the POm and recorded
photostimulus-evoked PSPs in L2/3 cells (Fig. 3f, g and Extended Data
Fig. 8a-c and Supplementary Note 5). POm neurons were stimulated
using an optical fibre that was guided by a stereotactically implanted
cannula (Fig, 3f), Short square light pulses (10-20 ms) produced small-
amplitude PSPs, longer pulses (50-100 ms) produced plateaus (Fig. 3g-h).
This indicates that a strong activation of POm thalamic nuclei may gen-
erate plateau potentials by itself, through monosynaptic inputs (Extended
Data Fig. 8d, e and Supplementary note 5) or, more probably, through
the large-scale recruitment of cortical paralemniscal synaptic networks
that project to L2/3 cells'****, This suggests that the POm-associated
synaptic circuitry mediates whisker-evoked plateau potentials. Indeed,
analogous to whisker-evoked plateaus, photostimulus-evoked plateaus
were eliminated upon an NMDAR block (Fig. 3g, h). The full width at
half maximum of the NMDAR-mediated plateaus was equal between
whisker and 100-ms light stimuli (Fig. 3i, j; for example, compare with
Fig. 2b). Importantly, for these photostimuli the peak amplitude of the
short-latency PSPs was significantly lower than that of whisker-evoked
PSPs (Fig. 3j), confirming that photostimuli did not generate plateau
potentials through a large-scale recruitment of lemniscal synaptic pathways.

To test further the role of this paralemniscal circuitry, we specifically
suppressed POm activity using the GABA-A-R selective agonist mus-
cimol (Fig. 3k, Extended Data Fig. 9a and Supplementary Note 6). This
did not affect whisker-evoked short-latency PSPs, but greatly reduced
whisker-evoked plateau potential probabilities (Fig. 31, m). The inhibition
of POm activity was sufficient to eliminate most of the evoked NMDAR-
mediated plateaus, since an additional NMDAR block did not further
reduce them (Fig. 31).

The role of the POm in the generation of plateau potentials suggests
that it is also involved in the production of the RWS-evoked sustained
depolarization. Indeed, RWS evoked sustained Ca®" transients in a portion
of POm-derived axonal boutons (Fig. 4a-d and Extended Data Fig. 6e, f).
Rhythmic photostimulation of ChR2-expressing POm neurons evoked
asustained depolarization similar to RWS (Fig. 4e, g). Conversely, RWS
failed to evoke a sustained depolarization upon muscimol-mediated sup-
pression of POm activity, similar to the effect of DAP5 (Fig. 4f, g). This
suggests that POm activity evokes multiple plateaus during RWS. To test
the causal relationship between plateau potentials, RWS-evoked sustained
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depolarization, and RWS-induced LTP without blocking NMDARs,
we applied RWS to muscimol-injected mice. In these mice RWS failed
to induce LTP (Fig. 4h, i), similar to the effect of suppressing NMDAR
conductance (Fig. 4j). This strongly suggests that plateau potentials,
driven by the co-activation of POm-associated synaptic circuitry facil-
itate whisker-evoked LTP.

In summary, our data provide evidence for sensory-evoked LTP that
is independent of somaticspikes, displaying similarities to in vitro exper-
iments in hippocampus®. In vive, the occurrence of LTP in the absence
of somatic spikes may be an important mechanism to strengthen syn-
apses between weakly connected neurons, without the necessity for sen-
sory inputs to first elicit a sufficient number of action potentials. Since
L2/3 neurons in the somatosensory cortex normally spike sparsely or
infrequently®, this mechanism may also prevent neurons from losing
synaptic input due to spike-timing-dependent long-term depression
(LTD)-like processes®.

Wealso found that sensory-evoked LTP may depend on paralemniscal
synaptic inputs that originate from the POm of the thalamus. This cir-
cuitry provides contextual or predictive information for external sensory
stimuli that feed forward through lemniscal pathways'®, Our data sug-
gest that the repeated coincident activity of this feedback circuitry may
increase L2/3 neurons’ sensitivity to future sensory stimuli. It is likely
that during wakefulness dendritic plateau potentials that are mediated
by inputs from motor cortex'' also function to facilitate this—perhaps
Hebbian—form of LTP (Supplementary Note 7).

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

All procedures were carried out in accordance with protocols approved by the ethics
committee of the University of Geneva and the authorities of the Canton of Geneva.
Surgery and intrinsic optical imaging. Three- to four-week-old male C57BL/6 mice
were used. Anaesthesia was induced using isoflurane (4% with ~0.5 Imin~" 05)
and then continued using an intraperitoneal (i.p.) injection of urethane (1.5 gkg™ .
in lactated ringer solution containing (in mM) 102 NaCl, 28 Na-L-lactate, 4 KCl,
1.5 CaCly). Body temperature was maintained at 37 °C by a feedback-controlled
heating pad (FHC). Eye ointment was applied to prevent dehydration. In accordance
with Swiss Federal laws, analgesia was provided by local application of lidocaine (1%)
and i.p. injection of buprenorphine (Temgesic, 0.05 mg kg~ "). The skin was dis-
infected with ethanol 70% and betadine, and a custom-made plastic chamber was
attached to the skull above the barrel cortex using dental acrylicand dental cement
(Jet Repair Acrylic, Lang Dental Manufacturing). The chamber was filled with sterile
cortex buffer (in mM: 125 NaCl, 5 KCl, 10 glucose, 10 HEPES, 2 CaCl, and 2 MgSO,
(pH 7.4)) and sealed with a glass coverslip.

Intrinsic optical signals were imaged as described previously'*, through the intact

skull using a light guide system with a 700-nm (bandwidth of 20 nm) interference
filter and a stable 100-W halogen light source. An image of the surface vascular
pattern was taken using green light (546-nm interference filter) at the end of each
imaging session. Images were acquired using the Imager 3001F (Optical Imaging,
Mountainside, NJ) equipped with a large spatial 256 X 256 array, fast readout, and
low read noise charge-coupled device (CCD) camera. The size of imaged area was
adjusted by using a combination of two lenses with different focal distances (Nikon
50 mm, bottom lens, 135 mm, upper lens, £2.0; total magnification 2.7). The CCD
camera was focused on a plane 300 pum below the skull surface. Responses were visu-
alized by dividing the stimulus signal by the baseline signal, using the built-in Imager
3001F analysis program (Optical Imaging, Mountainside, NJ). Signals were ana-
lysed further using a custom routine in Matlab as described previously'®.
In vivo whole-cell recordings. After imaging, adequate anaesthesia was assessed
(absence of toe pinch reflexes, corneal reflexes, and vibrissae movements) and pro-
longed by supplementary urethane (0.15 gkg ', ip.) if necessary. A small ~1 X 1 mm
craniotomy (centred above the C2 whisker maximum intrinsic optical signal res-
ponse) was made using a pneumatic dental drill. The dura was left intact. Whole-
cell patch-clamp recordings of L2/3 pyramidal neurons were obtained as described
previously'®*, High positive pressure (200-300 mbar) was applied to the pipette
(5-8 M) to prevent tip occlusion. After passing the pia the positive pressure was
immediately reduced to prevent cortical damage. The pipette was then advanced in
1-pim steps, and pipette resistance was monitored in the conventional voltage clamp
configuration. When the pipette resistance suddenly increased, positive pressure
was relieved to obtain a 3-5-GQ seal. After break-in, Vm was measured, and dial-
ysis was allowed to occur for at least 5 min before deflecting the whisker. Data were
acquired using a Multiclamp 700B Amplifier (Molecular Devices), and digitized at
10 kHz (National Instruments), using Matlab-based Ephus software (http:/research.
janelia.org/labs/display/ephus; The Janelia Farm Research Center). Oftline analysis
was performed using custom routines written in IGOR Pro (WaveMetrics).

Current-clamp recordings were made using a potassium-based internal solution
(in mM: 135 potassium gluconate, 4 KCl, 10 HEPES, 10 Na2-phosphocreatine,
4 Mg-ATP, 0.3 Na-GTP and 25 pM AlexaFluor 488 hydrazide (Invitrogen), pH
adjusted to 7.25 with KOH, 285 mOsM). Series and input resistance were moni-
tored with a 100-ms long-lasting hyperpolarizing square pulse 400 ms before each
whisker deflection and extracted offline by using a double-exponential fit. Record-
ings were discarded if the change in these parameters was larger than 30%. The bridge
was usually not balanced, and liquid junction potential was not corrected. Traces
were analysed as described previously'®. For the action-potential analysis in Extended
Data Fig. 3, action potentials were time-aligned to their respective threshold. The
action-potential threshold was computed as the minimal membrane potential value
at the time corresponding to the peak of the third derivative of the membrane poten-
tial, similar to methods described previously™,

PSPs were evoked by back and forth deflection of the whisker (100 ms, 0.133 Hz)
using a glass capillary 4 mm away from the skin attached to a piezoelectric ceramic
actuators (PL-series PICMA, Physik Instrumente). The voltage applied to the actu-
ator was set to evoke a whisker displacement of 0.6 mm with a ramp of 7-8 ms (for
details see ref. 18). The C1 and C2 whiskers were independently deflected by dif-
ferent piezoelectric elements.

DAPS5 (1 mM or 10 uM, Tocris) was topically applied to the dura mater, either
prior or during the whole-cell recordings. Epidural application of 0.1-1 mM DAP5
has been shown to leave spiking in the thalamus intact and only minimally impact
cortical L4 after 6 h of superfusion; 10 pM is entirely ineffective in suppressing spikes
in L4 (ref. 24). MK-801 (1 mM, Tocris) was included in the internal solution. After
break-in we waited for at least 5 min to let MK-801 diffuse into the cells. Typically,
the effects of MK-801 became visible over the time course of 4-5 min, and remained

stable thereafter. This indicates that the effects were largely due to cell autonomous
blockage of NMDARs",
Injection of fluorescent muscimol into the POm. Mice were anaesthetized as
described above, Analgesia was provided by local application of lidocaine and an
i.p.injection of buprenorphine. A burr hole was made to stereotactically inject fluo-
rescent muscimol (Bodipy-TMR-X, 500 uM in cortex buffer with 5% DMSO, Invi-
trogen) in the POm. The caudal sector of the POm that mainly projects to L1 of
S1 (ref. 33) was specifically targeted using the following stereotaxic coordinates:
rostrocaudal (RC), —2.00 mm; mediolateral (ML), —1.20 mm; dorsoventral (DV),
—3.00 mm from the bregma (Extended Data Fig. 9). Glass pipettes (Wiretrol, Drum-
mond) were pulled, back-filled with mineral oil, and front-loaded with the muscimol
solution (100-150 nl were delivered (20 nl min™') using an oil hydraulic manip-
ulator system (MMO-220A, Narishige)). For controls, the same volume of fluo-
rescent muscimol was injected in thalamic structures that are not directly involved
in somatosensory processing (Extended Data Fig. 9). The craniotomy was then
covered with Kwik-Cast (WPI) and mice were prepared for intrinsic optical imag-
ing and whole-cell recordings as described above. To achieve a maximal suppres-
sion of neuronal activity, patch-clamp recordings were performed at least one hour
but no longer than 4 h after the injection. After completion of the experiment, mice
were transcardially perfused with 4% paraformaldehyde in PBS (PFA), their brains
extracted and post-fixed in PFA overnight. Coronal brain sections (100 pm) were
made to confirm the site and spread of injections (Extended Data Fig. 9).
Virus injections and cranial windows. For virus injections we used either pups
between postnatal days 12and 15 (P12-P15) or adults (>4 weeks). In adults, anaes-
thesia was induced usingisoflurane (4% with ~0.51 min~" O,) and then continued
using an i.p. injection of a mixture containing medetomidin (Dorbene, 0.2 mgkg i
midazolam (Dormicum, 5 mg kg ™' and fentanyl (Duragesic, 0.05 mg kg™') in
sterile NaCl 0.9% (MMFE-mix). To prevent potential inflammation, salivary excre-
tions or bradycardia, carprofenum (Rimadyl, 5 mg kg ~') and glycopyrrolate (Robinul,
0.01 mg kg™") were injected subcutaneously (s.c.) before the surgery. Pups were
injected under isoflurane anaesthesia. Mice were placed in a stereotaxic frame, the
skin was disinfected with ethanol 70% and betadine, an incision was made, and 1%
lidocaine was topically applied to the wound edges for additional local anaesthesia.
The bregma and lambda were horizontally aligned. A burr hole was made using a
pneumatic dental drill. Injections were targeted to the caudal part of the POm (coor-
dinates from bregma: RC, —2.20 mm; ML, —1.20 mm; DV, —3.00 mm for adults;
RC, —1.45 mm; ML, —1.60 mm; DV, —2.90 mm for pups)*’. AAV2/1-CAG-ChR2-
Venus (200-500 nl for adults; 50 nl for pups; 1.5 X 10'* GC, UNC Vector Core;
based on the pACAGW-ChR2-Venus-AAV plasmid, Svoboda laboratory, Janelia
Farm Research Center)”** or 250400 nl of AAV2/1-hSynap-GCaMP5G-WPRE-
$V40 (2.13 X 10" GC, Penn Vector Core and the GENIE project)*® were injected
at a maximum rate of 100 nl min~" using a glass pipette (Wiretrol, Drummond)
attached to an oil hydraulic manipulator (MMO-220A, Narishige). The solution
was allowed to diffuse for at least 10 min before the pipette was withdrawn. The
craniotomy was filled with Kwik-Cast (WPI) and the skin was re-attached with
stainless steel staples (Precise DS15, 3M) or, in the case of AAV-GCaMP injections,
a glass window was sealed into the craniotomy as previously described™®. For cortical
GCaMP expression, 20 nl of a mixture of AAV2/9-syn.Flex-GCaMP6 s-WPRE-5V40
(1.35 % 10" GC ml™"; Penn Vector Core and the GENIE project)*” and AAV2/1-
hSyn-Cre-WPRE-hGH (1.04x10"> GC ml™"; Penn Vector Core) (15,000:1) were
injected at a maximum rate of 10 nl min™" just before sealing the window. The
anaesthesia was reversed with an s.c. injection of a mixture containing atipamezole
(Alzane, 2.5 mg kg™"), flumazenil (Anexate, 0.5 mg kg™ '), and buprenorphine
(Temgesic, 0.1 mg kg™ ') in sterile NaCl 0.9% (AFB-mix).
Cannulation and in vivo photostimulation. At least 2 weeks after the injection of
AAV2-ChR2, mice were anaesthetized with MMF-mix. Intrinsic signal optical
imaging was performed as above. A 21-gauge cannula (PlasticsOne) with 2.9 mm
of exposed tip was stereotactically inserted through a burr hole (RC, —2.20 mmy
ML, —1.20 mm; DV, —3.00 mm from bregma) and secured in place with dental
cement (Jet Repair Acrylic, Lang Dental Manufacturing). The cannula was closed
usinga screw cap, and anaesthesia was reversed using AFB-mix. Mice were allowed
to recover for 1 day before being prepared for in vivo patch-clamp recordings.
For the in vivo photostimulation of ChR2-expressing POm neurons, a stripped
multimode optical fibre (BFL37-200, Thorlabs) fused to an internal guide (PlasticsOne)
was inserted into the cannula. The fibre was coupled to a blue DPSS laser (SDL-
473-050MFL, Shanghai Dream Lasers Technology), which was triggered by a pulse-
stimulator (Master-8, A.M.P.I). The rise time of a 1-ms laser pulse (300 ps) was
determined with a high-speed Si photodetector (DET10A, Thorlabs) coupled to
an oscilloscope. The power output of the pulses was ~70% of the steady-state
power. The steady-state power at the tip of the fibre was measured using a power
meter (PM100D, $120C, Thorlabs) and adjusted before every recording session to
~40 mW mm "2, No significant reduction in power was observed at the end of the .
experiments.
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Ca’* imagingand image analysis. A custom-made stainless steel post was cemented
to the skull with dental acrylic (Jet Repair Acrylic, Lang Dental Manufacturing). Imag-
ingwas performed 14 to 30 days after virus injection using a custom-built 2-photon
laser scanning microscope (https://openwikijanelia.org/wiki/display/shareddesigns/
Shared+Two-photon+Microscope+Designs), and using the custom-developed
acquisition and microscope contral software package Scanlmage* (https://openwiki,
janelia.org/wiki/display/ephus/ScanImage)*®. Forimaging of awake mice, mice were
trained and habituated to the microscope setup for 7 days before the experiment.
During imaging the mice were monitored using an infrared sensitive camera, The
GCaMPs were excited using a Ti:sapphire laser (Coherent) tuned to A = 910 nm,
For detection we used GaAsP photomultiplier tubes (10770PB-40, Hamamatsu)
and a X20 (0.8 NA) microscope objective (Olympus). For imaging of axons the
field of view typically spanned 300 X 300 pum (256 lines, 1ms perline); for dendrites
43 pm X 21 - 43 pm (64 lines, 0.5 ms per line). The average excitation power was
kept below 40 mW, as measured at the focal point of the objective, Bleaching of
GCaMPs was negligible. Episodes in which piezo-mediated whisker deflections
were immediately followed by active whisking were excluded from the analysis.

All image analyses were performed using custom routines in Matlab. We used
cross-correlation based on rigid body translation to register images over time. Small
regions of interest (ROIs) were drawn in the dendritic shafts (~1 um?) or around
axonal boutons (~7 pm?), based on averaged and standard deviation images. For
each ROI the baseline fluorescence (F,) was calculated based on the mean fluores-
cence intensity within the selected ROI, averaged over 100 consecutive frames before
whisker stimulation. Change in fluorescence (AF,/F,) was defined as (F; — Fy)/Fo,
were F} is the fluorescence intensity at time £ (t = time of the first pixel in each frame).
Boutons were imaged at a depth of 18 jum to 42 im below the pia, dendrites between
18 um and 70 pm. The onset of the response was defined as the time in between the
whisker stimulus trigger and the time point at which fluorescence intensity reached
a2X baseline standard deviation threshold (F, + (2 X s.d.)). For extracting spatial
and temporal properties of dendritic Ca®>* events (Extended Data Fig. 5) a Gauss-
ian function was fitted to the fluorescence intensities of the ROls in a visually ‘active’
region. All Gaussian fits were normalized to their maximum value. The time course
of the change in flucrescence was extracted from the ROI that represented the peak
of the Gaussian. A region was considered to be responsive if the fluorescence intensity
remained above the threshold (F, + (2 X s.d.)) for at least three imaging frames.

To evaluate the ChR2-Venus expression profiles and the spread of fluorescent
mucimol (Extended Data Figs 8 and 9), wide-field epifluorescence images were taken
of fixed brain slices. lllumination was set such that the full dynamic range of the
16-bitimages was used. A threshold was applied using Fiji’s*® implementation of the
Kapur-Sahoo-Wong (Maximum Entropy) method*, The resulting image masks were
registered to the corresponding coronal plates (ranging from —1.94 to —2.70 mm)
of the Paxinos mouse brain atlas* using Photoshop (Adobe), at various distances
posterior to bregma.

Invitrowhole-cell recordings. Coronal slices (thickness = 350 jum) were cut with
a vibratome (Leica VT $1000) in ice-cold cutting solution containing (in mM): 83
NaCl, 2.5 KC1, 0.5 CaCl,, 3.3 Mg80,, 26.2 NaHCO, 1 NaH,PO,, 22 D-glucose and
72 sucrose. Slices were transferred in normal ACSF at ~34 °C forabout 30 min and
stored at room temperature before the experiment. ACSF contained (in mM): 124
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NaCl, 3 KCl, 2 CaCl,, 1.3 MgSQ,, 26 NaHCOs3, 1.25 NaH;POj, 10 p-glucose with
osmolarity of 300 mOsm and pH7.3 when bubbled with 95% O, + 5% CO,.
Individual slices were transferred to the recording chamber and perfused with oxy-
genated ACSF. All recordings were performed at 37 °C (= 0.5 °C). Whole-cell record-
ings were performed using an IR-DIC microscope (Olympus BX51), Recordings
were performed using borosilicate glass pipettes with resistance of 4-8 MQ and
filled with an intracellular solution containing (in mM): 110 K-gluconate, 10 KCI,
10 HEPES, 4 ATP, 0.3 GTP, 10 phosphocreatine and 0.4% biocytin. Recordings were
amplified using Multiclamp 700 A amplifiers (Molecular devices, USA), filtered at
4 KHz, digitized (5-20 KHz), and acquired using PulseQ electrophysiology pack-
age running on Igor Pro (Wavemetrics, USA). Data processing and analysis was done
using Igor (Wavemetrics) and Excel (Microsoft Office). For optogenetic experiments,
axons terminals were stimulated with a LED (Thorlabs, Germany) that was focused
around the recording electrode using a 4x microscope objective. Drugs used include
4-AP (100 pM; Sigma Aldrich) and tetrodotoxin (TTX) (1 uM; Latoxan). To con-
firm the identity of recorded neurons, 1 mM Alexa 568 hydrazide (Invitrogen) was
added to the intracellular solution,

Statistical analysis. All statistics were performed using Matlab. The o significant
level was set at 0.05. Normality of all value distributions was assessed by Shapiro-
Wilk test (ot = 0.05). Equality of variance between different distributions was assessed
by the Levene median test (¢ = 0.05). Standard parametric tests were only used when
data passed the normality and equal variance tests (P> 0.05), Non-parametric tests
were used otherwise. Only two-sided tests were used. Randomization and blinding
methods were not used. No statistical methods were used to estimate sample size,
but ff-power values were calculated and are provided in Supplementary Information,
or in the Extended Data Figure legends.
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Extended Data Figure 1 | An NMDAR block suppresses RWS-induced
sustained depolarization and prevents LTP. a, Examples of the postsynaptic
depolarization as induced by RWS in controls (top), following a blockade of
NMDARs by DAP5 (middle), and hyperpolarization (bottom). Only the first
2.5 s (20 deflections) of the recordings are shown. Responses were fit with

an exponential, in which V(f) is the depolarization at time point f in seconds, Ve
is the depolarization constant (for example, reached after >10 s RWS), Vj and
to are the depolarization and time at RWS onset, and 7 is the time constant.
b, Left, under control conditions (dark blue), the level of LTP is linearly
correlated to the time constant (t) of the exponential decay (R*=0.49,

P < 0.05). Following a suppression of NMDAR conductances the time constant
and the percentage of LTP are independent (DAPS5, light blue, R* = 0.03,

P> 0.05; Hyper, red, R? = 0.03, P> 0.05). Each circle represents a single cell.
Right, DAPS significantly reduced the time constant (t) of the exponential
decay (P < 0.001; Kruskal-Wallis one-way ANOVA on ranks. *P<(,05,
post-hoc Dunn’s comparisons versus control condition). c, Left, the sustained
depolarization during RWS is altered when NMDAR conductances are
suppressed by hyperpolarization (red). Black bar indicates the RWS period.
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Right, cumulative depolarization at the end of the RWS period (control,
127 =21 mV,n=11; +DAP5,41 = 28 mV,n=7; Hyper,34 £ 25mV,n=9;
P = 0.02, one-way ANOVA (B = 0.62) and *P < 0.05, post-hoc Holm-Sidak
comparisons versus control condition). d, RWS failed to induce LTP when
NMDARs are blocked by extracellular application of DAP5, when MK801 is
included in the patch pipette, and when cells are hyperpolarized (control,
119.8 = 6%, n = 11; DAPS5, 98.7 = 2.5, n = 7; iMK801, 98 = 5%, n = 3; Hyper,
103.6 = 6%, n = 9; P = 0.032, one-way ANOVA and *P < 0.05, post-hoc
Holm-Sidak comparisons versus control condition). e, A fast Fourier transform
(FFT) of the responses during RWS (1 min), in controls (left) and after DAP5
application (middle). The FFT is normalized to the average FFT between 0.1
and 1 Hz. The presence of a strong 8 Hz component after DAPS5 indicates
that RWS-mediated inputs remain to be activated after the NMDAR block.
Right, the magnitude of normalized FFT at 8 Hz is similar between control
+DAPS5 conditions (control, 8.8 £ 8.5, n=11; +DAP5,63 £ 46,n=7;

P = 0.733, Mann-Whitney U-test) confirming that part of the whisker
deflection-evoked synaptic input was unaffected by DAPS5, and follows the
rhythmic stimulation. Values in b-e are represented as the mean & s.e.m.
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Extended Data Figure 2 | RWS-induced LTP is column- and whisker-
specific. a, Left, schematic of the experiment: whole cell recordings are targeted
to the C2 barrel column, Responses are recorded upon deflection of the C2
(principal whisker, wC2) or C1 (surrounding whisker, wC1) whisker. Inset,
C2 (blue) and C1 (red) barrel-related columns were mapped using intrinsic
optical imaging, Right, schematic of PW and SW-associated synaptic pathways
projecting to L.2/3 pyramidal cells. After RWS of wCl1 (orange), single-whisker
deflection PSPs were evoked either by the same whisker that was used for
RWS (wCl, red) or by the neighbouring whisker (wC2, blue). b, Time course of
mean wC2- (blue) and wCl-evoked (red) PSPy, amplitudes ( = s.e.m.)
following RWS of wCl (orange bar). ¢, Mean PSP, amplitude ( * s.e.m.)
before and after RWS. Top, wC1-RWS did not significantly enhance
wC2-evoked mean PSP, amplitudes (Pre, 7.8 = 1.1 mV; Post, 7.9 + 1.3 mV;
1= 8; P=0.960, paired t-test (B = 0.05)). Bottom, wCl-evoked amplitudes
were enhanced in some cells, but despite this positive trend the average
difference was not significant (Pre, 7.4 = 1.3 mV; Post, 8.6 = 1.3 mV; n=5;
P = 0.240, paired t-test (8 = 0.15)). Grey lines indicate pairs. d, e, Although
the average PSP amplitude as evoked by wC1 was not significantly different
from wC2 (wC2, 101 +=2.5%, n = 8 wCl, 118 = 10%, n = 5; P= 0.2,
Mann-Whitney U-test; d), the number of significantly potentiated cells was
higher for wC1 (3 out of 5) than for wC2 (0 out of 9; e).
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Extended Data Figure 3 | Characterization of RWS-induced LTP and
stability of cell membrane properties. a, For each potentiated cell, a single
exponential was fit to the normalized PSPp,or amplitudes immediately
following RWS, using the following equation: PSP() = (1 + APSPyrp) -
(APSPyrp - €~ ™), in which PSP(#) is the normalized PSP amplitude at time ¢
-in minutes, APSPyrp is the average change in PSP amplitude during the LTP
phase, and 1 the time constant (mean t = 1.09 % 0.26 min; range 0.3-2.34 min;
n="7). b, Left, time course of mean PSPy, amplitudes following two
consecutive RWS protocols (RWS1 and RWS2). Right, the mean PSPshort
amplitude increases upon RWS1 but does not further increase upon RWS2,
indicating that RWS-evoked LTP is occluded (Pre, 10.32 * 1.6 mV; RWS1,
12.35 = 1.6 mV; RWS2, 12.98 == 1.5 mV; n = 5; P = 0.006, repeated measures
ANOVA (B = 0.97); post-hoc Holm-Sidak comparisons). The error bars
represent s.e.m. ¢, Example of typical single-cell membrane potential
fluctuations during anaesthesia before (top, grey) and after (bottom, black)
RWS, Spontaneous action potentials (APs) are rare and visible only during up
states. d, Example of spontaneous APs before (grey) and after (black) RWS. APs
were time-aligned to their respective threshold. e, Effect of RWS on AP
thresholds, in cells that displayed some spontaneous APs before and after RWS
(but not during RWS). AP threshold was computed as the minimal membrane
potential value at the time corresponding to the peak of the third derivative
of the membrane potential. The Athreshold was calculated as the difference
between the mean AP threshold after RWS and the mean AP threshold before
RWS (each circle represents a cell). The level of LTP is independent of
Athreshold (R* = 0.07, P> 0.05, all cells pooled). f, The mean threshold for
spontaneous AP is not affected by RWS (Pre, —43.7 = 0.9 mV; Post,
—44,6+ 1.2 mV; n = 12; P= 0.2, paired t-test (B = 0.13)). g, RWS does not

affect the resting membrane potential measured at I =0 during down states
(Pre, —71.5 = 0.4 mV; Post, —71.4 = 0.6 mV; n = 12; P = 0.8, paired t-test
(B = 0.05)). h, The difference between input resistance (ARin) before and after
RWS. ARin is independent of the level of LTP (R* = 1072, P> 0.05; each
circle represents a cell). Inset, Rin before (grey) and after (dark blue) RWS
are estimated by measuring the steady-state resistance of a hyperpolarizing
current pulse. i, The mean Rin is not affected by RWS (Pre, 46.6 = 7 M{); Post,
50 == 8 M4 n = 11; P = .13, paired t-test (B = 0.22)). j, The number of evoked
APs as a function of injected somatic current injection is not significantly
modified by RWS (two-way ANOVA, P> 0.5, n = 4). k, The relationship
between ARin and the relative change in amplitude of PSP, Each circle
represents a cell that was hyperpolarized only during RWS (RWS + Hyper,
R%=0.6). ], The mean Rin is not affected by RWS + Hyper (Pre, 37.4 = 4 M
Post, 37.7 = 5 MC; n = 9; P = 0.9, paired i-test (B = 0.05)). m, n, The PSPy
amplitude evoked by low frequency (0.1 Hz) single whisker deflections,
before (Pre), during (Hyper) and after (Post) hyperpolarization (—100 mV).
Hyperpolarization increases the PSP amplitude (m) due toan enhanced driving
force (Pre, 11.3 = 2.5 mV (average —3 to —1 min); Hyper, 14.7 = 3 mV;
Post (average +1 to +2 min), 11.3 % 2.4 mV; n = 4; P = 0.002, one-way
repeated-measures ANOVA (B = 0.98); ***P < 0.001, Holm-Sidak post-hoc
comparisons Hyper versus Pre and Post conditions. However, the integrated
PSP is significantly reduced due to the absence of plateau potentials (n)

(Pre, 0625 = 0.2 V-ms; Hyper, 0.335 % 0.1 V-ms; Post, 0.626 * 0.2 V-ms;
n=4; P=0.011, one-way repeated-measures ANOVA (p = 0.86);

##p = 0,007, Holm-Sidak post-hoc comparisons Hyper versus Pre and

Post conditions).
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Extended Data Figure 4 | The extraction of whisker-evoked plateau
potentials. a, Individual PSPs (grey lines) and the average PSP (dark blue line)
in a single cell in response to single principal whisker deflections (100-ms
deflections). Individual traces show short and long-latency components. The
responses to the 30 successive deflections reveal two whisker-evoked PSP
populations: one that only contains short-latency PSPs and a second
population that contains both short and long-latency PSPs. b, Similar to
non-spiking cells, the distribution of whisker-evoked actions potentials (APs)
also reveals two populations of spikes, based on their onset delay. Inset, for
each spiking cell, whisker-evoked spikes were sorted as early and late spikes,
according the delay of the first peak of the subthreshold response. The
corresponding probabilities were then computed (early, P= 0.04 = 0.02,

n = 15;late, P = 0.06 * 0.02, n = 15; P = 0.345, z-test). The equal probabilities
indicate that L2/3 cells spike as often upon a long-latency depolarization as
in response to a short-latency PSP. c, Left, for each trial, the relationship
between the PSP half-peak amplitude and the average membrane potential
between 50 and 100 ms after the onset reveals two distinct clusters. Dotted line
represents the identity line. Right, cluster 1 (top) is defined by an index < 0 and
consists of PSPs containing only a short latency PSP that quickly returns to

the resting membrane potential. Cluster 2 (bottom) is defined by an index > 0
and consists of compound PSPs with short and long-latency components,
The long-latency component of the PSP has a strong plateau-like appearance.
Therefore, we defined this index as the Indexpjyeqy d, Example of the
distiibution of clusters 1 and 2 over time, The Indexypyean Was computed from
the example shown in a. The probability of eliciting plateau potentials in a
neuron is calculated by dividing the number of PSPs in cluster 2 (N2) by

the total number of PSPs (N1 + N2). e, f, Blocking NMDARs (light blue)
significantly reduced the probability of eliciting plateau potentials as compared
to controls (dark blue) (e, ks test, P < 0.001), but does not affect the amplitude
of the short-latency PSP (PSP, (f, ks test, P> 0.05). g, Blocking NMDARs
by epidural application of DAPS5 or intracellular MK801 does not affect the
amplitude of PSPy, (control, 10.5 % 0.8 mV, n = 33; DAP5, 9.5 & 1.5 mV,
n=12; iIMK801, 10.3 = 1.3 mV, n = 10; P> 0.05, one-way ANOVA

(B = 0.05)). h~j, Changes in the length of the whisker deflection period
(stimulus length) do not affect the whisker-evoked mean PSP,qp amplitude
(h), the mean PSP integral (i), or the probability to elicit plateau potentials
() (n =4, P> 0.05, one-way ANOVA (B = 0.05)). Values in b and g-j are
represented as the mean * s.e.m.
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Extended Data Figure 5 | NMDAR-dependent whisker-evoked Ca’" events
in L2/3 pyramidal neuron dendritic tufts. a, Examples of single whisker
deflection-evoked Ca>* responses in dendritic spines (arrowheads) and
dendritic shafts (regions in between arrows). b, Top left, GCaMP6 s
fluorescence standard deviation image with ROIs. Bottom left, raster plot of
AF/F, for each ROI in the top panel (aligned). Red bar represents the whisker
-stimulation onset. Right, AF/F, traces of some ROIs from a. ¢, Left, time course
of mean dendritic Ca®* response in individual dendritic branches upon a
single whisker deflection (2-5 trials per branch, n = 48 dendritic branches,

n =9 mice). Grey, individual branches. Black, average response. Right,
distribution of response onset times. d, Averaged (blue thick line) and
individual (grey lines) Gaussian fits of local responsive regions in dendritic
shafts. e, Distribution of the FWHM of the Guassian fits in d. f, Epidural
application of DAP5 (10 pM) significantly reduces whisker-evoked local
dendritic Ca®" response probabilities. The subsequent addition of 1 mM DAP5
in some cases further reduced probabilities and in others did not show an
additive effect (control, 0.29 = 0.06, DAP5 (10 pM), 0.14 = 0.04; n = 16
branches, n = 3 mice; P = 0.002, Wilcoxon signed-rank test; DAP5 (10 pM),

0.08 = 0.03; DAP5 (1 mM), 0.04 = 0.02; n = 9 branches, N = 2 mice; P = 0.37,
Wilcoxon signed-rank test). g, On average, DAP5 significantly reduces
whisker-evoked local dendritic Ca** response probabilities (control,

0.28 = 0.03; DAP5 (10 pM), 0.12 * 0.03; DAP5 (1 mM), 0.04 % 0.02; Kruskal-
Wallis one-way ANOVA on ranks; post-hoc Dunn’s comparisons versus
control condition, P < 0.05)). h, Left, GCaMP6 s fluorescence standard
deviation image with ROIs. Right, AF/F, traces of some ROIs from the left
panel. Grey box represents the RWS period. i, Integrated AF/F, in dendritic
branches during RWS (0-15 s) as a function of the response before RWS (0-15 s
baseline). Each circle represents a single dendritic branch. Red, global events
(responses spanning the whole field of view, minimally 43 um); grey, local -
events (responses spanning a portion of the field of view, maximally 43 pm).
Black line indicates the identity line. RWS significantly increases AF/F, for a
substantial number of branches. j, The average integrated AF/F; in dendritic
branches during RWS (0-15 s) is significantly reduced upon topical application
of DAP5 (control, 168 = 15%; DAPS (10 pM), 119.6 * 14.5%; DAP5 (1mM),
100.1 = 18.5%; paired f-test).
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Extended Data Figure 6 | Whisker-evoked activity in cortical POm
efferents in anaesthetized and awake mice. a, c, Raster plots of average Ca®*
responses (AF/F,) in 400 different cortical POm efferent boutons over 10-20
successive (0.1 Hz) bursts of 5 whisker deflections (20 Hz, black bar) in
anesthetized mice (a) and in awake mice (c). b, d, Average whisker-evoked
responses over 400 boutons under anaesthesia (b) and under wakefulness
(d). e, Raster plot for 25 of the most active boutons (out of 765) upon RWS.
Black bars indicate the period of RWS (1 min). The Ca®* response in some
boutons remains elevated over the whole RWS period. f, Integrated Ca®*
responses of individual boutons during RWS (0-15 s) as a function of their
responses before RWS (15 s baseline). Each circle represents a single bouton.
The 25 most and least responsive boutons are in blue and red respectively, Black

line indicates the mean relationship (linear fit). Dotted lines indicate the
relationship at various standard deviations from the fit. A substantial
proportion of boutons (16%; 124 out of 765) display RWS/baseline ratios larger
than 1 s.d. from the mean, g, Time-lapse image of fluorescence change
representing Ca>" responses in axonal boutons (dotted circles) upon a single
whisker deflection (red bar; 45 ms). Response onsets are indicated by arrows.
Scale bar represents 1 um. h, Example of the response curve of the boutons
in g. Response onset latency was defined as the time frame in which AF/F,
exceeded 2 X s.d. of the baseline. i, j, Distributions of response onset latencies
under anaesthesia (black, 120 trials, #n = 5 boutons, # = 3 mice) and under
wakefulness (blue, 11 trials, n = 5 boutons, n = 3 mice).
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Extended Data Figure 7 | Plateau potentials in 1L2/3 pyramidal neurons
and POm-efferent activity are not whisker-specific. a, Schematic of the
experiment, Whole-cell recordings are targeted to the C2 barrel column.
Responses are recorded upon deflection of the C2 whisker (wC2, principal
whisker, PW, blue) or the C1 whisker (wCl, surrounding whisker, SW, red).
b, Right, example of 2PLSM images of POm boutons expressing GCaMP5. Both
the PW (wC2) and SW (wC1) evoke a Ca>* response. ¢, Left, the average Ca**
transient (AF/F,) for both whisker deflections (shadows represent the s.d.).
Right, mean AF/F; upon deflection of the PW (wC2) and SW (wC1) (wC2,
1.37 + 0.07, n = 5; wC2, 1.38 = 0.08, n = 5; P> 0.05). This confirms that POm
activity is not selective for whiskers. Values are represented as mean * s.e.m.
d, Top, example of the average PSP evoked by the PW (blue) or the SW (red).
To estimate the integral of the plateau potential (bottom), the decay of the
first component is fitted with a single exponential and subtracted from the

~ extracted plateau
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average of PSPs containing both short and late-latency components (cluster 2
in Extended Data Fig. 4c). e, For each parameter, whisker selectivity is
defined by the ratio between the PW and SW: (PW — SW)/(PW + SW).

All parameters related to plateau potentials (plateau strength, plateau integral,
probability) are not specific to either one of the whiskers. In contrast, and

as expected, the short-latency PSP amplitude (PSP ) is higher (and thus
more selective) for the PW (PSPgyor, 0.25 % 0.09, n = 27; plateau strength,
0.006 = 0,05, n = 26; plateau integral, 0.04 = 0.02, n = 26; plateau probability,
0.07 * 0.04; n = 27; P < 0.001, one-way ANOVA on ranks; *P < 0.05,
post-hoc Dunn’s comparisons versus PSPshort condition). As the amplitude of
short-latency PSPs is whisker-selective and plateau potentials are not, it is
conceivable that POm associated synaptic pathways are responsible for
mediating whisker-evoked plateau potentials.
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Extended Data Figure 8 | AAV-mediated expression of ChR2-Venus in the
POm nuclei of the thalamus and their efferents in L1. a, Representative
example of the ChR2-Venus expression profile in the mouse thalamus, The
expression profile of ChR2-Venus is depicted in blue, POm nuclei in light
green, and the VPm in light red. b, Left, example of a cortical slice with
ChR2-Venus fluorescence in the caudal sector of the POm (bregma —2.3).
Right, an image of the fluorescence profile in the somatosensory cortex in the
same animal as on the left. Fluorescence intensities (F;,,) were measured as a
function of cortical depth (in pixels (px)) by summing all pixels within the
dotted rectangle over the short axis (pixel size = 1.85 um). The fluorescence
intensity profile is similar to the cortical projection pattern of efferents from the
caudal sector of the POm (Supplementary Note 4). ¢, Plot comparing the
intensity profiles of 10 different animals in which injections were aimed at
the POm nuclei in the thalamus. Animals classified as bearing expression
profiles in the barrel cortex that are typical of POm projections (Supplementary
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Notes 4 and 5) displayed distinct fluorescence peaks in L1 (0.04 - 0.12
normalized depth) and L5 (0.48 - 0.7 normalized depth; n = 7, black lines
and blue line). In contrast, animals with a (additional) distinct peak in L4
(0.36 - 0.48 normalized depth; n = 3, red lines) were considered as having at
least some spurious expression in VPm, and were thus excluded from the
analysis in Fig. 3. The classification matched the expression profiles in the
thalamus (Supplementary Information). d, e, Assessment of POm mediated
synaptic inputs onto L2/3 neurons in acute cortical slice preparations.

€, Schematic of the slice experiment. L2/3 pyramidal neurons were recorded
during local photostimulation (through the objective) of ChR2-expressing
POm axons. f, Left, example of photostimulation-evoked PSPs in a single L2/3
cell under control conditions and following bath application of TTX and 4AP.
Right, average PSP amplitudes in controls and after TTX + 4AP application
(control, 1.8 = 1.1; TTX + 4AP, 0.31 = 0.08,n =4, P = 0.125, paired Wilcoxon
signed-rank test).
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Extended Data Figure 9 | The spread of fluorescent muscimol in thalamic
nuclei. a, Coronal diagrams of the mouse brain adapted from the Paxinos
atlas* including the POm (light green) and VPm (light red) nuclei at
various posterior distances from bregma. Each red or green line represents
the maximal spread of fluorescent muscimol, as assessed using whole field
epifluorescence microscopy (Olympus; <20 and X60 objective) and
Neurolucida (Microbrightfield) reconstructions. Green lines (8 mice) represent
injections that were confined to the POm. Red lines (3 mice) represent
injections that infiltrated both POm and VPm thalamic nuclei. b, ¢, Examples of
a muscimol injection in the caudal part of the POm (b) and an injection that
spread into both POm and VPm nuclei (c). d, Examples of whisker-evoked
PSPs in L2/3 neurons of mice in which muscimol was present in both POm
and VPm. Successes (top) and failures (bottom) are shown, Grey lines,
individual trials, light red lines, average. e, Blocking activity in VPm decreases
the whisker-evoked PSP success rate (top; control, 1 + 0, n = 33; POm block,
1X£0,n=19;POm + VPm block, 0.56 = 0.1, n = 7; P < 0.001, one-way
ANOVA on ranks; *P < 0.05, post-hoc Dunn’s comparisons versus control
condition), as well as PSPy, o amplitudes (bottom; control, 10.5 = 0.8, n = 33;
POm block, 7.5 ® 1.3, n = 9; POm + VPm block, 3.15 = 0.6, n = 7; P < 0,001,
one-way ANOVA; *P < 0.05, post-hoc Holm-Sidak’s comparisons versus
control condition). f, Blocking POm + VPm or POm only significantly
decreases the probability of plateau potentials (top; control, 0.35 * 0.04, n = 33;
POm block, 0.16 == 0.04, n = 9; VPm block: 0.22 = 0.05, n = 7; P < 0.001,
one-way ANOVA on ranks; *P < 0.05, post-hoc Dunn’s comparisons versus
control condition), and the normalized plateau strength (bottom; control,
1£0.15, n = 33; POm block, 0.19 + 0.05, n = 9; POm + VPm block,
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0.22 % 0.07,n = 7; P < 0.001, one-way ANOVA on ranks; *P < 0.05, post-hoc
Dunn’s comparisons versus control condition). g, examples of single-cell
spontaneous membrane potential fluctuations during anaesthesia in controls
(top) and upon muscimol injections in POm (middle) or POm + VPm
(bottom). h, Top left, FFT of membrane potentials in controls (dark blue) and
after muscimol injection in POm (green) or POm + VPm (light red). Top right,
Blocking POm + VPm significantly decreases the 1-5-Hz range in the FFT
(control, 7.33 = 0.76, n = 14; POm block, 8.03 + 0.81, n = 8; VPm block,
4.2%£0.37, n=7; P = 0.008, one-way ANOVA; *P < 0.05, post-hoc Holm-
Sidak’s comparisons versus control condition). Bottom, blocking POm + VPm
significantly decreases the probability of spontaneous up states (left (P,,,);
control, 0.16 * 0.016, n = 14; POm block, 0.15 = 0.008, 7 = 8 POm + VPm
block, 0.09 = 0.016, n=7; P=0.023, one-way ANOVA; *P < 0,05, post-hoc
Holm-Sidak’s comparisons versus control condition), as well as the amplitude
of spontaneous up states (right (AMP,,); control, 22.3 = 1.9, n = 14; POm
block, 21.5 £ 1.6, n = 8; POm + VPm block, 14.1 = 1.7, n=7; P=0.02,
one-way ANOVA; *P < 0.05, post-hoc Holm-Sidak’s comparisons versus
control condition). i, Animals in which muscimol injections in the medial
posterior thalamus did not infiltrate the POm (out of POm) were used as a
negative controls (n = 6). In these animals, the probability of eliciting plateau
potentials (Ppjyeay) remained equal to controls. The probability was
significantly reduced, only when muscimol was correctly targeted to POm
(control, 0.6 * 0.04, n = 44; +muscimol In POm, 0.16 = 0.04, n = 9;
+muscimol Out POm, 0.72 * 0.06, n = 8; P < 0.001, one-way ANOVA on
ranks; *P < 0.05, post-hoc Dunn’s comparisons versus control condition).
The values represent the mean * s.e.m.
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