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The somatosensory system decodes arange of tactile stimuli to generate a coherent
sense of touch. Discriminative touch of the body depends on signals conveyed from
peripheral mechanoreceptors to the brain through the spinal cord dorsal column and
its brainstem target, the dorsal column nuclei (DCN)"2. Models of somatosensation
emphasize that fast-conducting low-threshold mechanoreceptors (LTMRs)

innervating the skin drive the DCN**. However, postsynaptic dorsal column (PSDC)
neurons within the spinal cord dorsal horn also collect mechanoreceptor signals and
formasecond major input to the DCN*”. The significance of PSDC neurons and their
contributions to the coding of touch have remained unclear since their discovery.
Here we show that direct LTMR input to the DCN conveys vibrotactile stimuli with
high temporal precision. Conversely, PSDC neurons primarily encode touch onset
and the intensity of sustained contact into the high-force range. LTMR and PSDC
signals topographically realignin the DCN to preserve precise spatial detail. Different
DCN neuron subtypes have specialized responses that are generated by distinct
combinations of LTMR and PSDC inputs. Thus, LTMR and PSDC subdivisions of the
dorsal column encode different tactile features and differentially converge in the DCN
to generate specific ascending sensory processing streams.

Fast-conducting LTMRs (AB-LTMRs) detect light mechanical forces act-
ing on the skin and mediate discriminative touch® ™. AB-LTMR signals
are rapidly conveyed from the periphery, and their axons ascend the
dorsal column of the spinal cord and directly contact the DCN of the
brainstem. From the DCN, mechanosensory informationisrelayed to
multiple targets in higher brain regions. Most sensory information is
conveyed fromthe DCNto the somatosensory cortex through a promi-
nent projection to the somatosensory ventral posterolateral thalamus
(VPL) for the conscious perception of touch. A separate, lesser-known
population of DCN neurons relay tactile information to the external
cortex of the inferior colliculus (IC)'>®, In this brain region, the informa-
tionisintegrated and contextualized with auditory information. Other
populations of DCN neurons project to the olivocerebellar system™* to
coordinate motor adaptation. DCN neurons can also project to second-
ary thalamic nuclei'® involved in the affective state and to the spinal cord
and periaqueductal grey™, Thus, the DCN is a conduit of incoming
mechanosensory signals and broadly connect mechanoreceptorsin
the periphery to several major brain areas”.

Somatosensory coding in DCN neurons is heterogeneous™ 2, but
how tactile signals are organized within the DCN and distributed to
downstream targets remains unknown. Using mice, we sought to
determine how sensory representations of the hindlimb are encoded
atthis early stage of the somatosensory hierarchy. To achieve this, we
selectively recorded neuronsubtypesinthe DCN (the gracile nucleus;
Extended DataFig.1) inmice using antidromic activation and optoge-
netic tagging.

Different DCN neuron types encoded distinct aspects of mecha-
nosensory stimuli suited to their projection targets. VPL projection

neurons (VPL-PNs) are the most abundant cell type inthe DCN, outnum-
beringIC projection neurons (IC-PNs) and local inhibitory interneurons
(VGAT-INs) with an estimated proportion of VPL-PN:IC-PN:VGAT-IN of
2:1:1 (ref. ®). VPL-PNs had small excitatory receptive fields with large
regions of surround suppression (Fig.1a-c,p-q). These VPL-PNs could
entraintheir firing to mechanical vibration; however, for the majority,
this entrainment wasrestricted toanarrow range of frequencies below
150 Hz (Fig.1c,d). DCN neurons projecting to the IC could be classified
into several subgroups (Extended Data Fig. 2), but most commonly
had large and exclusively excitatory receptive fields that included the
entire hindlimb (Fig. 1f-h,p). Unlike VPL-PNs, most IC-PNs could entrain
their firing to mechanical vibration across abroad range of frequencies
(Fig. 1h-i). Vibration of the hindlimb evoked precisely timed action
potentials that were entrained and phase-locked to vibrations that
ranged from 10 Hz up to 500 Hz, the highest frequency tested. Thus,
neurons projecting to the VPL are tuned to convey finely detailed spatial
information. By contrast, neurons projectingto the IC poorly encode
spatial detail and are better suited to encode a broad range of mechani-
cal vibrations that may be correlated with auditory stimuli. VGAT-INs
had a wide range of receptive field sizes, lacked inhibitory surrounds
and, unlike PNs, typically lacked spontaneous firing (Fig. 1k-n,p-r).
All three DCN cell types rapidly adapted to step indentations at low
forces (Fig.1e,j,0).In contrast to other cell types, VPL-PNs more reliably
encoded the static phase of sustained high-force indentation, sub-
stantially above forces at which rapidly adapting and slowly adapting
AB-LTMRs plateau® > (Fig. le).

We next addressed how the specific response properties of VPL-PNs
andIC-PNsare generated. AB-LTMR axons that travel through the dorsal
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Fig.1|Tactilefeatures are directed to distinct targetsin the somatosensory
hierarchy. a, Schematic of the experiment. Unitsin the DCN wererecorded
juxtacellularly (Juxt.) in urethane-anaesthetized mice. Stimulus electrodes
wereinsertedintothe VPL, and thalamic PNs (VPL-PNs) were identified through
antidromicactivation (Antidrom.) and collision testing. Response properties of
units were then measured using amechanical stimulator (Mech. stim.) witha
1mm probetip.b, Receptive fields of two different VPL-PNs. Each pointis a
single trial colour-coded by the normalized firing rate of the unitinresponseto
100 ms 50 Hzvibration (10-20 mN). ¢, Example trialsfrombwith arasterand a
histogram for two locations of the receptive field for the same unit: excitatory
receptive field (top; 1 msbins) and inhibitory surround (bottom; 10 ms bins).

d, Top, Exampleraster of VPL-PN responses to 500 Hz vibration in the excitatory
receptive field. Bottom, Vibration tuning of all VPL-PNs with the mean across

column form the ‘direct’ dorsal column pathway from the skin to the
DCN and synapse directly on DCN PNs and interneurons. However,
PSDC neurons of the spinal cord, which receive input fromabroad array
of somatosensory neuronsubtypes, including AB-LTMRs, also project
to the DCN through an ‘indirect’ dorsal column pathway that exists
across mammals, including primates*>”2-3, PSDC neurons constitute
up to 40% of the axons ascending the dorsal column® (Extended Data
Fig.3), but the function of PSDC neurons and their contribution to
somatosensory representations in the DCN and higher brain regions
have remained unclear since their discovery. We proposed that direct
andindirect dorsal column pathway projections specifically contribute
to the distinct tuning features of DCN neuron subtypes.

Toisolate the functions of direct and indirect dorsal columninputs
to DCN neuron responses, we used the light-activated chloride channel
ACRI1 to reversibly silence axon terminals of ascending inputs.
We first generated Cdx2“¢;Rosa26"*“ mice to express Acrl in all
neurons below the neck. This enabled reversible silencing of both
primary sensory (direct pathway) and PSDC (indirect pathway) neurons
that provide input to the DCN (Fig. 2a and Methods). We transiently
silenced axon terminals in the DCN by preceding mechanical stimuli
with brief, 300-400 ms light ramps (Extended Data Fig. 4), which
was optimal for suppressing excitatory inputs (Methods). Mechani-
cal stimuli were delivered in the final 100-200 ms of application of
light. Using this strategy to silence both the direct and indirect dorsal

units +s.e.m. (black) and individual units (grey). e, Average responses (Z-scored
firingrate) to stepindentationin VPL-PN units (top) and mean + s.e.m. of VPL-PN
units (bottom) for 10 mN (left) and 100 mN (right). Mice received 300 ms
indentations delivered to the centre of excitatory receptive fields (10 ms bins).
f-j, Same as a-e, but for unitsidentified as projecting totheIC. k-0,Sameas a-e,
but for optotagged localinhibitory interneurons (VGAT-INs). p, Excitatory
receptive field (RF) size area for allidentified units. Kolmogorov-Smirnov (K-S)
test: VPL-PN versusIC-PN, P< 0.001; IC-PN versus VGAT-IN, P< 0.001; VPL-PN
versus VGAT-IN, P=0.4.NS, not significant. q, Percentage of DCN cell types with
detectedinhibitory surrounds. r, Spontaneous firing rate of all units for each
celltype.K-Stest: VPL-PN versus IC-PN, P=0.012; IC-PN versus VGAT-IN,
P=0.008; VPL-PN versus VGAT-IN, P< 0.001. Number of experiments are units/
animals (n/N).Scalebars,1mm (b,g,I).

column pathway inputs abolished almost all DCN responses to vibra-
tion and low-force step indentation of the hindlimb (Fig. 2b-e). We
nextselectively silenced all direct dorsal column pathway (AB-LTMR)
input using Avil*;Rosa264 mice. This mouse model enabled us to
determine how the indirect pathway contributes to responsesinindi-
vidual DCN neurons (Fig. 2f). When light ramps were applied to silence
AB-LTMR axonterminalsinthe DCNtoblock direct pathway inputs, the
amplitude of responses was reduced but not eliminated. The indirect
pathway was especially able to convey signals from low-frequency
(10 Hz) mechanical stimulito generate responsesinthe DCN (Fig.2g,h).
Silencing LTMR inputs also affected the response to step indentations,
but the indirect pathway was able to reliably convey the onset and,
in most units, the offset of low-threshold step indentation stimuli
(Fig. 2i-j). Conversely, indirect pathway input failed to evoke firing
inresponse to 50 and 300 Hz vibratory stimuli. These findings were
consistent across randomly sampled DCN neurons and in identified
VPL-PNs and IC-PNs. This result suggested that the direct pathway
drives high-frequency vibrationacross DCN cell types (Extended Data
Fig.4). Thus, high-frequency time-varying light-touch stimulisuch as
vibrationare exclusively encoded by the direct dorsal column pathway.
By contrast, both the direct and indirect dorsal column pathways con-
tribute to responses to gentle or light skin displacement across DCN
neurons. The indirect pathway can also contribute to low-frequency
(10 Hz) vibration responses.
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Fig.2|Thedirectdorsal column pathway conveys high-frequency vibration
and fine spatial information to the DCN. a, Schematic for silencing all
ascendinginputtothe DCN (directandindirect). ACR1was expressedinall
spinal cord and sensory neurons below C2 in Cdx2-Cre;Rosa26**“" mice. Light
was applied to terminalsinthe DCN tosilenceinputsininterleaved trials. Then
300-400 msramps oflight (0.46 mW mm) preceded 100-200 ms of mechanical
stimuli. b, Rasters of single random DCN unit responses to different vibration
frequencies (10-20 mN) at baseline or whensilencing allinput. Silencing trials
aresorted and separated by greenbroken lines. ¢, Average spikes per cycle
duringvibration at baseline (Ctrl) or whensilencing (+Light (+L)) allinput for
individual units (grey) and mean + s.e.m. (black). Paired ¢-test:10 Hz, P< 0.001;
50Hz,P<0.001;300Hz, P=0.001.d, Average histograms (Z-scored firing rate)
forindentation (5-10 mN, 200 ms) at baseline (left) and whensilencing all input
(right). e, Average spikes perindentation at baseline and whensilencing ascending
input. Paired t-test: P= 0.002.f, Schematic for silencing the direct pathway.
ACR1was expressed insensory neurons in Avil“*;Rosa26""* mice. The
remaining DCNresponses are mediated by PSDC neurons. g-j, Same asb-e, but
silencing the direct pathway only. Paired t-test: 10 Hz, P< 0.001; 50 Hz, P< 0.001;
300 Hz, P=0.001;indentation, P=0.011. k-n, Schematic for silencing the direct
pathway during mechanical activation of inhibitory surrounds in random units.
ACR1was expressed insensory neurons in Avil*;Rosa26*"*“" mice. 1, Average
response of DCN units to stimulation of their inhibitory surrounds: vibration
andindentation at baseline (top) or silencing the direct pathway (bottom).

m, Mean +s.e.m. of inhibitory responses across DCN units for vibration and
indentation atbaseline (top) or silencing the direct pathway (bottom). n, Change
infiring rate for units when stimulating the inhibitory surround at baseline or
silencing the direct pathway. Individual units (grey) and mean + s.e.m. (black).
Paired t-test:10 Hz, P< 0.001; 50 Hz, P< 0.001; indentation, P < 0.001. Number
of experiments are units/animals (n/N). All t-tests are two-sided.

VPL-PNs can encode spatial information partly because of their
prominentinhibitory surround receptive fields. Therefore we exam-
ined how the direct and indirect dorsal column pathways contribute
to surround inhibition of these PNs (Fig. 2k). Spontaneously active
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VPL-PNs were effectively inhibited by applying brief vibratory stimuli or
indentationto areas outside their excitatory receptive field. (Fig.2l,m).
Silencing AB-LTMR axon terminals inthe DCN almost completely abol-
ished inhibitory surrounds generated by 10 or 50 Hz vibratory stimuli
andindentation (Fig. 2I-n). Thus, the direct dorsal column pathway is
the primary driver of inhibitory surround receptive fields in VPL-PNs
generated by these stimuli.

We next asked how PSDC neurons and the indirect pathway contrib-
ute to DCN representations of other features of mechanical stimuli.
There are currently no genetic tools that can selectively silence PSDC
neurons. Thus, we used a pharmacological approach to block the indi-
rectdorsal column pathway (Fig. 3a). Application of glutamate receptor
antagonists directly to the dorsal surface of the lumbar cord effectively
blocked excitatory synaptic transmissioninthe lumbar spinal cord dor-
salhorn (Extended DataFig.5). Thisin turn eliminated hindlimb-level
PSDC neuron activation and contributions to responses recorded in
the DCN. Glutamate receptor antagonists applied to the lower thoracic
cord did not affect DCN responses to mechanical stimulation of the
hindlimb (Extended Data Fig. 5). This result shows that glutamatergic
transmission blockade was spatially restricted to the spinal cord region
towhichitwasapplied. Next we examined the effects of inhibiting fast
excitatory transmission in the lumbar spinal cord. DCN neurons could
still entrain and phase-lock their spiking to a broad range of vibration
frequencies of mechanical stimuli applied to the hindlimb (Fig. 3b,c).
This finding, whichis consistent with results of the AcrIsilencing experi-
ments (Fig.2h), indicates that AB-LTMR input through the direct dorsal
column pathway underlies high-frequency vibration tuninginthe DCN.

Anothersalient feature encoded by DCN neuronsis stimulus intensity.
Weappliedstepindentations to the skin usingbluntand smoothed probes
(Immindiameter) that generated graded, compressive stimuli fromlow
to highforceranges (1-300 mN). Although high forces were used, stimuli
were applied over a wide area of skin. These stimuli were not noxious as
theyfailed to evoke paw withdraw or pain-related behaviourinawake unre-
strained animals, and oftengenerated no observable reaction (Extended
Data Fig. 6 and Supplementary Video 1). Under normal conditions, DCN
neurons were highly sensitive to the onset and offset of low-force inden-
tations. However, they also fired in response to sustained indentation of
the skin, especially at high forces (Fig. 3d-f). High-force responses were
prominentinVPL-PNs and, toalesser extent, inIC-PNs (Fig. 1e,j). Sustained
firing during maintained step indentations was proportional to the force
applied. DCN neurons therefore not only detected the onset and offset
of gentle stimulibut also encoded sustained mechanical stimuli across a
broad range of intensities, into the high force range (Fig. 3f).

We next sought to determine the contribution of PSDC neurons to
innocuous high-intensity stimuli. We performed recordings of DCN
units that had receptive fields and spontaneous firing characteristic
of VPL-PNs, the most abundant cell type in the DCN. When excitatory
transmission was blocked in the spinal cord to suppress PSDC input,
firing during the sustained phase of indentation was almost eliminated
across all forces for most units (Fig. 3g-k). Thus, in the absence of PSDC
input, DCN neurons could no longer encode the intensity of maintained
stimuli (Fig.3m). Moreover, attenuation of the PSDC input to the DCN
increased the threshold of DCN neurons to the onset of step indentation
(Fig. 31). These findings suggest that PSDC neurons provide graded
force information to the DCN, which enable responses to sustained
high-intensity stimuli. At the same time, PSDC neurons contribute to
the detection of gentle touch stimuli. Thus, PSDC neurons and the indi-
rect dorsal column pathway are required for the wide dynamic range
ofintensity tuning in DCN neurons. This system enables the detection
and encoding of a broad range of stimulus intensities.

The graded coding of intense stimuli in the DCN was also relayed
upstream to middle VPL (mVPL) neurons. Both low-threshold sensitivity
and sustained responses to high-threshold stimuliin the mVPL strongly
depended on the DCN (Extended Data Fig. 7). Lesioning the DCN also
altered spontaneousfiringinthe mVPL (Extended DataFig. 7), although
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Fig.3|PSDCneurons and theindirect dorsal column pathway mediate wide
dynamicrangeforceintensity tuninginthe DCN. a, Schematic for juxtacellular
recordings from random units (vibration) or units with VPL-PN-like receptive
fields (indentation) inthe DCN.A L3-L5laminectomy and durotomy was
performed to apply MK-801 (10 mM, 10 pl, 5 min) followed by NBQX (10 mM,

20 pl). b, Single-unit responses to 50 Hz vibration (10-15 mN) with raster (top)
and histogram (bottom) under control conditions (left) and different units
withinhibitors applied to the spinal cord (right). Shownin1msbins.c, Summary
of vibration responses for all units recorded under control (black) or with
inhibitors (blue), individual units (light) and mean + s.e.m. (dark). K-S test:
10Hz,P=0.51;50Hz, P=0.16;300 Hz, P= 0.51.d, Raster of responses of single
unitsto 300 ms of indentation at different forces (0-300 mN; 0-395 kPa) using
blunt probes (1 mmindiameter). Trials were originally interleaved but are
sorted here by force for presentation. High forces areinnocuous in awake

this manipulationwill also affect the corticospinal tract. Many neuronsin
the DCN are spontaneously active, but lesioning the dorsal column did
not have major effects onspontaneousfiringinrandomly recorded DCN
neurons (P=0.93, Kolmogorov-Smirnov test; 16 units, 2 mice). This result
suggested that PSDC neurons do not drive spontaneous firing in the DCN.

The observation that DCN neurons encode high-intensity inden-
tation stimuli is noteworthy because most AB-LTMRs are thought to
saturate their firing at relatively low indentation forces?». As most of
the high-force responses of DCN neurons during sustained indenta-
tions are mediated by PSDC neurons, we considered the possibility
that PSDC neurons transmit signals emanating from both LTMRs and
high-threshold mechanoreceptors (HTMRs), whichtypically do not pro-
jectdirectly to the DCN through the direct dorsal column pathway®2. To
activate HTMRs without concurrentactivation of LTMRs, we expressed
the light-activated cation channel ReaChR in somatosensory neurons
expressing Calca (CGRP) using Calca-FIpE; Rosa26 "R mice and
applied light directly to the skin of the hindlimb (Fig. 4a). Among the
sensory neuronsthatexpress Calca are A-fibre HTMRs, C-fibre HTMRs,
thermoreceptors and polymodal C-fibre neurons®7¢, As described
above, VPL-PNs responded rapidly to strong but innocuous mechani-
cal step indentations of the skin with additional long latency spikes

animals (Extended DataFig. 6). e, Histogram for asingle unitin d-ffor 10 (top)
and 250 mN (bottom), 10-ms bins. f, Left, Maximum on-response (0-20 ms)
compared toindentation force for the unitind. The greenlineindicates
threshold. Right, Average sustained firing (100-300 ms) compared to force for
theunitind. g-i, Same as d-f, but foradifferent unit treated with inhibitors.

Jj, Average histograms of responses for all units to10 mN of step indentation
(top) and mean + s.e.m. across units (bottom) under control conditions (left).
Responses to different DCN units with inhibitorsin the spinal cord (right).
Shownin10 msbins.k,Sameasj, butfor250 mN ofindentation.l, Cumulative
histogram of on-response threshold for all unitsin control (black) and for
inhibited units (blue). K-S test: P=0.002.m, Mean + s.e.m. sustained firing rate
across units under control conditions (black) and when inhibited (blue).
K-Stest: P<0.001. Number of experiments are units/animals (n/N).

(Fig.4b,d and Extended Data Fig. 8). Optical excitation of Calca" HTMRs
withinthe same area of skin triggered firing in VPL-PNs with fast latencies
that were consistent with A-fibre activation, but werelonger thanthose
evoked by mechanical stimuli (Fig.4b-e). These rapid optogenetically
evoked responses were sometimes followed by a second and much
longer latency burst (Fig. 4e). These two temporal components of fir-
ing were consistent with the activation of intermediate-conducting
and slow-conducting Ad-fibre and C-fibre neurons known to express
Calca®. Notably, almost all VPL-PNs fired strongly and consistently
to optical activation of Calca’ endings in the skin (Fig. 4c,e). The slow
latency of these responses was probably not due to slow opsinkinetics,
asactivation of allendings in the skin, including AB-LTMRs, generated
fastlatency responses (Extended DataFig. 8). Previous work has shown
that Calca’ neuroninput to the DCNis sparse®s, We observed few fibres
in the DCN labelled by Calca-FlpE, and direct optical stimulation over
the DCN failed to evoke firing in the same units that could be activated
by optical stimulation of endings in the skin (Extended Data Fig. 8).
Moreover, responsesin the DCN evoked by activation of Calca* endings
inthe skin depended on synaptic transmissionin the spinal cord, as they
were strongly attenuated by blockers of excitatory synaptic transmis-
sionapplied to the spinal cord (Extended DataFig. 8). Responsesinthe
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Fig.4|Somatotopicconvergence ofthe directandindirect dorsal

column pathways ontoindividual VPL-PNs. a, Schematic of the experiment.
VPL-PNs wereidentified with antidromic activation in Calca-FIpE;Rosa26 *e"*
animals. Pulses of light activated ReaChR in Calca* HTMRs in the hindlimb.

b, Raster of single VPL-PN unit responses to indentation (100 mN,1 mm probe
tip; top) and responses of the same unit to optical activation (2 ms, 60 mW mm)
of HTMRsinskin (bottom). ¢, Histograms for allidentified VPL-PNs for mechanical
indentation (100 mN, top) and VPL-PN responses to optical activation of HTMRs
inthe skin (bottom). Shownin1 msbins. Z-score colour scale on the right.
d-e,Sameasb-c,butforalongertimescale.f, Schematic of mechanical (direct)
stimulation. A50 Hz100 ms vibration (10-20 mN) was applied to different
points onthe skin for putative VPL-PNs in Calca-FIpE; Rosa26"" "% animals.
Thisstimulus activates the direct pathway. g, Vibration receptive field maps for
four VPL-PNs. Each pointis asingle trial colour-coded by its normalized
mechanically evoked firing rate. Colour scale on the bottom left. Scale bar,1 mm.
h, Schematic of optical (indirect) stimulation. For the same unitsin g, light pulses
(5pulsesat 0.5Hz, 2 ms, 60 mW mm™2) were applied to different points on the
skin. This stimulus activates the indirect pathway. i, Optical receptive field for
same unitsing. Each pointisasingletrial colour-coded by its normalized
optically evoked firing rate. j, Correlation of optical and mechanical responses.
Each pointisthe average mechanically and optically evoked responses for a
single region of skin. k, Area of optically evoked receptive field compared with
the area of mechanically evoked receptive field for single units. Each point s
one DCN unit. 1, Correlation coefficients (R?) of optically and mechanically
evoked receptive fields within individual units or R? of receptive fields shuffled
between units. K-S test: P< 0.001. Number of experiments shown as units/
animals (n/N).

DCN were mediated by the dorsal column, as severing the dorsal column
eliminated light-evoked responses in the DCN (Extended Data Fig. 8).
These findings suggest that high-threshold informationis relayed to the
DCN by PSDC neuronsthat receive input from HTMRs, either directly or
through local interneuron circuits within the spinal cord dorsal horn.

We also observed responses in IC-PNs evoked by stimulating Calca*
endings in the skin. However, they were weaker than those seen in
VPL-PNs and were restricted to a subset of the receptive field that is
more sensitive to low-frequency mechanical stimuli (Extended Data
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Fig.9). Activation of Calca’ endings failed to evoke inhibitory surrounds
(Extended DataFig. 9), whichis consistent with the absence of sustained
high-force responses in VGAT-INs (Fig. 10).

Next we asked whether receptive fields of VPL-PNs are shaped by direct
andindirect dorsal column pathway inputs. We measured the contribu-
tions of the direct and indirect dorsal column pathways to receptive
fields of individual VPL-PNs. To do this, we determined AB-LTMR input
contributions to VPL-PN receptive fields by using vibratory stimuli, as
high-frequency vibration is encoded by the direct pathway (Fig. 4f,g).
In the same experiment, we determined PSDC input contributions to
receptive fields of the same VPL-PN neurons using optical activation
of Calca® endings in the skin. This is because Calca® neuron inputs to
the DCN are conveyed solely by the indirect pathway (Fig. 4h,i). The
receptivefields of the directand indirect dorsal column pathway inputs
onto VPL-PNs were highly aligned (Fig. 4g,i,j-1). Responses to gentle
vibrationwere typically restricted to asingle digit or to one to two pads.
Moreover, optical activation of HTMRs evoked firing only in areas that
were sensitive to vibratory stimuli, restricted to the same single digit
ortoonetotwo pads. These findings suggest that thereis an elaborate
somatotopicalignment of the periphery, spinal cordand DCN. Thatis,
AB-LTMRs and HTMRs thatinnervate asmall area of skin projectinto the
central nervous systemand diverge, with AB-LTMRs projecting through
the dorsal columndirectly tothe DCN, andboth LTMRs and HTMRs acti-
vating PSDC neurons in the spinal cord dorsal horn. AB-LTMRs (direct
pathway) and PSDC neurons (indirect pathway) with similar receptive
fields then re-converge within the DCN to enable representation of a
broad array of tactile features for a single, small area of skin.

Discussion

The dorsal column system enables the perception of arich array of
tactile features**™. Models of discriminative touch have primarily
focused ontheroles of LTMR subtypes and their direct dorsal column
pathway projections in the creation of these representations**", Here
we demonstrated that PSDC neurons are a crucial component of a
brainstem circuit that transforms ascending tactile inputs to produce
specialized tactile representations.

Our findings provide support for anew model of the dorsal column
discriminative touch pathway (Extended Data Fig.10). AB-LTMRs and
the direct dorsal column pathway underlie vibration tuning, whereas
PSDC neurons and the indirect dorsal column convey the intensity
of sustained stimuli. Both pathways detect the onset of stimuli and
low-threshold responses, together providing high sensitivity. Notably,
these two components of the dorsal column pathway differentially con-
verge ondistinct DCN-PN subtypes to generate specific combinations
of response properties in different sensory streams. Information con-
veyed to the primary somatosensory cortex through VPL-PNs empha-
size spatial detail, moderate-to-low frequency vibration (<150 Hz) and
sustained stimulus intensity. These features are probably generated
by prominent input from both AB-LTMRs and PSDC neurons. Tactile
signals conveyedto the ICby IC-PNs encode broadband vibratory infor-
mation (10-500 Hz) rather than spatial detail, and are probably mainly
drivenby direct LTMRs, especially Meissner corpuscles (innervated by
type 1rapidly adapting AB-LTMRs) and Pacinian corpuscles (innervated
by type 2 rapidly adapting AB-LTMRs). We found that LTMR input gen-
erates much of the surround inhibition in VPL-PNs and that VGAT-INs
donotfireinresponsetosustained high-force stimuli, which suggests
that they do not receive HTMR input through PSDCs. We also found
that PSDC neurons do not have a major role in surround inhibition.
However, it remains possible that they are involved in other aspects
of mechanically evoked or tonic inhibition that we did not measure.
Many of the DCN response properties reported here can be observed
inboth anaesthetized and non-anaesthetized conditions**, but PSDC
neurons may have additional roles in awake behaving animals***,
Similar to the division of LTMRs into subtypes, there may also be



physiologically distinct subtypes of PSDC neurons given their various
contributions to the DCN described here and their heterogeneous
response propertiesin cats’. Future work will address potential PSDC
subdivisions, how features are represented across a broader range of
DCN PN subtypes, such as those that project to the cerebellum and
higher-order thalamic nuclei, and how PSDC neurons contribute to
touchindifferent behaviours.

We observed distinct somatotopic alignment of the direct and indi-
rect dorsal column pathway inputs to VPL-PNs in the DCN. This align-
mentenables richrepresentations in VPL-PNs without compromising
spatial detail. The development of this somatotopy probably requires
complex coordination between primary sensory neurons, including
both LTMRs and HTMRs, spinal cord dorsal horn circuitry and the DCN.
Developmental activity, either spontaneous or mechanically evoked,
may play anessential partin organizing this system, asitdoesin other

sensory systems***, Moreover, adult PSDC neurons exhibit strong

receptive field plasticity***, which raises the possibility that signal

propagation through the indirect dorsal column pathway can be modi-
fied by sensory experience. Thus, subdivisions of the dorsal column
pathway may not only expand the capacity for coding tactile features
across DCN output pathways but also introduce hard-wired and flexible
components to the repertoire of mechanosensory representation in
the earliest stages of the sensory hierarchy.
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Methods

Animals
All experimental procedures were approved by the Harvard Medical
School Institutional Care and Use Committee and were performed
in compliance with the Guide for Animal Care and Use of Labora-
tory Animals. Animals were housed in a temperature-controlled and
humidity-controlled facility and were maintained on a12-12 h dark-
light cycle. All experiments were performed on adult animals (aged
>5weeks) of both sexes. The following mouse lines were used: C57BI/)6;
Cdx2 (ref. *8); Calca-FIpE (ref. *); Avil™° (ref. *°); Avil™ (ref. *°);
Rosa26'" (ref.*'); and Rosa26™ <"k (derived from ref. *2). Animals
were maintained on mixed C57BI/J6 and 12951/SvimJ backgrounds.
C57BI/)6 mice were obtained from The Jackson Laboratory.
Experiments were not blinded because mice and treatments were eas-
ilyidentifiable as experiments were performed. Whenever applicable,
animals were randomized to different treatment conditions. Sample
sizes were not predetermined.

Juxtacellular recordings

Allrecordings were performed in urethane-anaesthetized mice. Adult
(aged >5 weeks) animals were anaesthetized with urethane (1.5 gkg™)
and placed onaheating pad. The head and neck were shaved and local
anaesthesia (lidocaine HCI, 2%) was administered to the scalp and neck.
Anincision was made in the skin, and the muscle of the dorsal aspect
of the neck was cut and moved aside to expose the brainstem. A head
plate was attached to the skull using dental cement and the head was
fixed to a custom-built frame. The dura overlying the brainstem was
cut and small fragments of the occipital bone were removed. In some
cases in which optical access to the DCN was required, small amounts
of the posterior vermis of the cerebellum were aspirated to expose
the DCN. A glass electrode filled with saline (2-3 MQ) was put in place
200-300 pm above the gracile nucleus. The area was then flooded
with low-melting point agarose dissolved in saline. After the agarose
hardened, the electrode was advanced into the gracile. The electrode
was guided to individual units and positioned to maximize the sig-
nal of a single unit. Recording quality and unit discrimination were
continuously assessed using an audio monitor and online analysis of
amplitude and spike waveforms. All recordings in the DCN were made
inthe hindlimb representation region of the gracile nucleus, and only
units with receptive fieldsin the hindlimb were recorded. Recordings
were targeted to the rostral-caudal level approximately where the
graciledivergesbilaterally (see example in Extended Data Fig.1) where
units receiving input from the hindlimb digits and pads were most
abundant. Although it has been reported that the gracile in rats, cats
and primatesis subdivided into ‘core’ and ‘shell’ regions, we were unable
to detect clear organization in the mouse through electrophysiology
experiments. Signals from single units were amplified using the x100
AC differential amplification mode of a Multiclamp 700B instrument
and sampled at 20 kHz using a Digidata1550B controlled by Clampex 11
software (Molecular Devices). Signals were collected with an additional
20x gain, a 0.3 kHz high-pass filter and a 3 kHz Bessel filter.

Insome experiments, DCN neurons were identified through antidro-
micactivation of their axonin atarget region. A craniotomy above the
region of interest was performed. The head was levelled and bipolar
electrodes (platinum-iridium 250 pm spacing, FHC) were lowered into
the contralateral VPL of the thalamus (coordinates: 2 mm posterior to
bregma, 2 mmlateral, 3.5 mmdeep) or the contralateral IC (coordinates:
electrode angled 45°,4 mm posterior to bregma at tissue entry, 1 mm
lateral, 1.7 mmdeep). A single stimulus (60-200 pA) was applied every
3 swhilesearching for unitsinthe DCN. A collision test was performed
for all units that could be antidromically activated. Stimuli were trig-
gered from spontaneous spikes, and experiments were only continued
for units that passed collision testing. We found that units with reliable
and precisely timed antidromic spikes (jitter <1 ms) almost always

passed a collision test. Units that failed collision testing had variable
timing of activation and much longer latencies. Polysynaptic activation
inthe DCN was rarely detected by activating the IC, and often observed
when stimulating the VPL. In a subset of experiments, once data col-
lection was complete, the stimulus electrode was retracted from the
stimulation site and coated with Dil (ThermoFisher). The electrode was
thenadvancedbackinto the tissue and leftin place for atleast 5 min. To
verify that the electrode was in the same position as before, units were
antidromically activated again. Electrodes were thenretracted and the
animal was perfused as described below for anatomical verification
of the stimulus electrode position. In another subset of experiments,
following identification of a VPL-PN, the stimulus electrode was then
retracted from the VPL and moved to coordinates of the posterior
nucleus of the thalamus (coordinates: 2 mm posterior to bregma,
1.1mm lateral, 3 mm deep). Units that were originally antidromically
activated fromthe VPL failed to be activated by stimulation in the new
location (number of experiments are units/animals: 3/3). Stimulation
(60-200 pA) of the posterior nucleus also failed to evoke polysynaptic
and multi-unit background activity in the DCN, as was often seen with
VPL stimulation.

To record from inhibitory neurons in the DCN, we performed opti-
cal activation in Vgat-ChR2 animals. Units were searched while apply-
ing 200-300 ms ramps of blue light (2-4 mW mm) from an optic
fibre (400 pm diameter, 0.39 NA) placed above the DCN. Light was
delivered from a 470 nm LED (M470F3, Thorlabs). Ramps were used
because pulses of light were found to generate short latency activa-
tion in most units. Most units in the DCN are glutamatergic, and we
found that pulsed light drives strong synchronized GABAergic input to
primary afferent terminals and stimulates them through the depolar-
izing action of GABA, thereby driving vesicle release onto excitatory
projection neurons. When ramps were used, many units were instead
silenced, as expected. Units considered optotagged were those that
could be activated during ramps of light.

Optical silencing

For optical silencing of ascending inputs in vivo, experiments were
performed as described above, except dissection was performed in
the dark under red-light illumination, as bright-white dissection light
was capable of activating ACR1. All experiments were performed in
animals homozygous for the Rosa26"*“" allele, as light was unable to
fully silence inputs in heterozygous animals. Once preparation was
complete, the electrode was positioned in place above the DCN along
with a400 pm diameter 0.39 NA fibre 1 mm above the DCN. The area
was flooded with low-melting point agarose to embed the fibre and
electrode. The electrode was then advanced into the DCN to record
from single units.

Silencing trials were pseudorandomly interleaved with control trials.
For silencing trials, a 300-400 ms ramp of light (0.2-0.8 mW mm?,
552 nm) was delivered to the surface of the DCN with mechanical stimuli
delivered during the last 100-200 ms of the ramp. Light was delivered
usinga552 nmLED (MINTF4, Thorlabs). We found that silencingbecame
progressively ineffective after 500 ms of delivery of light, which was
possibly due to effects of prolonged depolarization of the terminals.

Optical silencing could only be performed successfully for gentle
stimuli (< 20-30 mN). In Cdx2-Cre;Rosa26"*“ animals, light was unable
tofullysilenceinputstothe DCN when deliveringintenseindentations.
Silencing using ACR1 may substantially suppress vesicle release from
ascending inputs. However, the simultaneous and ongoing activation of
many inputs may still allow postsynaptic DCN neurons to reach thresh-
old despite a large reduction in the amount of synaptic drive. Thus,
experiments were limited to gentle indentationand vibratory stimuli.

Mechanical and optical stimuli
We selected units that were primarily responsive to stimulation of
the hindlimb. All mechanical stimuli were generated by a DC motor



with an arm connected to a blunt and smoothed acrylic probe tip
that was 1 mm in diameter. The use of a large diameter probe tip with
smoothed edges allowed the delivery of high forces that that did not
evoke paw withdraw inawake animals (Extended DataFig. 6). We did not
observe visible damage to the skin following high-force stimuliin awake
or anaesthetized animals. The motor was driven by a custom-built
current supply controlled by a dataacquisition board (Digidata1550B,
Molecular Devices). Step indentation forces were calibrated using a
fine scale. For experiments measuring responses to various forces,
the probe tip was positioned in aresting state on the skin surface, and
indentations of incrementally increasing forces were applied every
3-10s. Once the maximal force was reached, the force was reset to
zero and was againincrementally increased. For experiments measur-
ing responses to vibration, vibratory stimuli were applied at similar
forces (10-20 mN) across frequencies. DCN units that did not respond
to Pacinian-range vibration frequencies also did not respond when
vibrations were delivered at higher forces.

The stimulator was attached to an articulating arm that could be
moved by hand and would remainin position. For receptive field map-
ping, the probe tip was manually positioned over a single location
of the limb where it remained in place. A trial was then initiated to
deliver a brief vibration (50 Hz, 100 ms, 10-20 mN). The experiment
was performed under a stereoscope equipped with a CCD (BlackFly
S BFS-U3-04S2C, Flir) operated by Spinview 2.3.0.77, and was trig-
gered to capture images for each trial. This process was repeated
until enough trials were acquired (60-100) to generate a receptive
field map of the entire hindlimb. For experiments measuring inden-
tationresponses at various forces, the stimulator was firmly secured
toa 0.5-inch heavy post to prevent relocation or repositioning when
applying high forces.

Optical stimulation was performed on the skinor DCN usinga200 pm
or 400 pm diameter 0.39 NA fibre coupled to a 554 nm LED (MINTF4,
Thorlabs). For skin stimulation, the fibre tip was held in place with
an articulating arm and manually moved into position for each trial,
as performed for mechanical stimulation. For optical receptive field
mapping, five pulses (2-5 ms duration, 60 mW mm2) were delivered
tothe skinat1Hz for each trial.

Multielectrode array recordings

Recordings in the thalamus were made in the mVPL (2 mm bregma,
2 mm lateral, 3.5 mm deep). Animals were head-plated, the DCN was
exposed as described above, and a craniotomy above the VPL was
performed. The dura was removed, and the area was flooded with 2%
low-melting agarose dissolved in saline. A 32-channel multielectrode
array (MEA; A1x32-poly2-10mm-50s-177-A32, Neuronexus) was lowered
at 5 um s into the brain. Once positioned in a region where firing in
many units could be evoked by brushing the hindlimb, the MEA was
keptin place for 20 min to ensure stable recording. The hindlimb was
embedded in modelling clay for stabilization, and the receptive fields
of units were quickly assessed using abrush. The mechanical stimulator
probe tip was then placed over the region of the hindlimb that could
maximally activate the most units. Step indentations of 0-300 mN
were applied every 3-6 sinascending order and repeated until at least
10 trials per force were obtained. Following stimulation, the DCN was
lesioned either by using a 30-gauge needle and striking through the
gracile nucleus or by aspirating the gracile nucleus. Step indentations
were then repeated. Throughout the experiment, the waveform of a
single unit was closely monitored to assess drift, and any experiment
with detectable waveform changes were discarded. In some cases,
once the experiment was complete, the MEA was retracted from the
brain, coated with Dil and then descended to the same coordinates
and allowed to stabilize for 5 min. Animals were then anaesthetized
withisoflurane and transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA) to assess the location of the lesion and elec-
trode placement.

For lesioning of the dorsal column, animals were prepared as
described above, and alaminectomy was performed at approximately
T12 vertebrae and the dura was removed. A high-density 32-channel
MEA (A1x32-poly3-5mm-25s-177-A32, Neuronexus) was i