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Abstract

The mammalian brain’s somatosensory cortex is a topographic map of the body’s sensory
experience. In mice, cortical barrels reflect whisker input. We asked whether these cortical
structures require sensory input to develop or are driven by intrinsic activity. Indeed,
thalamocortical columns, connecting thalamus to cortex, emerge before sensory input and concur
with calcium waves in the embryonic thalamus. We show here that the columnar organization of
the thalamocortical somatotopic map exists in the mouse embryo before sensory input, thus
linking spontaneous embryonic thalamic activity to somatosensory map formation. Without
thalamic calcium waves, cortical circuits become hyperexcitable, columnar and barrel organization
do not emerge, and the somatosensory map lacks anatomical and functional structure. Thus, a self-
organized protomap in the embryonic thalamus drives functional assembly of murine
thalamocortical sensory circuits.

The mammalian cerebral cortex is arranged into radial columns that coalesce during
development. These columns become functionally organized before adulthood (1-3). Some
evidence suggests that genetic factors regulate initial columnar patterning (4); other evidence
suggests functional maps arise postnatally as a result of sensory experience (5-9). However,
spatially organized patterns of spontaneous activity are evident in the embryonic thalamus,
before cortical neurons have completed their radial migration (10). One well-studied
functional map is the somatotopic correspondence between whiskers and their associated
clusters of layer 4 neurons (called barrels) in the rodent primary somatosensory cortex (S1)
(11). Although barrels are apparent anatomically at postnatal day 4 (P4) (12), domains of
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spontaneously co-activated neurons can be identified at birth in S1 /n vivo (13-15). We
asked whether the emergence of anatomically discernable structures is preceded by
organized activity in the mouse embryo. We discovered that structured patterns of neuronal
activity in the embryonic thalamus define functional cortical columns and the concomitant
functional somatotopic map in the immature cortex.

The functional properties of embryonic thalamocortical connections were assessed by
recording the somatosensory cortical calcium responses elicited by the activation of the
ventral postero-medial nucleus (VPM) of the thalamus in slices. By embryonic day 17.5
(E17.5), electrical stimulation of the VPM triggered calcium waves that propagated over a
large area of the nucleus, resembling previously reported spontaneous activity (10). This
thalamic stimulation elicited a cortical calcium response in the S1 (Fig. 1A and B, fig. S1A;
movie S1). While activation of thalamocortical axons is confined to the subplate at this stage
(fig. S1B), the cortical response spanned the entire thickness of the cortical plate, suggesting
that thalamocortical axons activate a radially organized cortical network. From E18.5
onwards, VPM stimulation activated a progressively restricted territory within the nucleus
(fig. S1C), allowing us to define the functional topography of the nascent thalamocortical
projection. Peri-threshold stimulation of adjacent regions in the VPM activated distinct
columnar territories in the cortex (Fig. 1, C and D), indicating the existence of a functional
protomap present in these embryonic thalamocortical circuits. This was evaluated /n vivo by
transcranial calcium imaging of glutamatergic cortical neurons at E18.5. Mechanical
stimulation of juxtaposed areas of the whisker pad activated discrete, segregated and
spatially consistent cortical territories in the contralateral S1 (Fig. 1, E and F; movie S2),
confirming the existence of a cortical somatosensory protomap in the intact embryo.

We then tested whether embryonic thalamic calcium waves influence the emergence of the
functional cortical columns that presage the formation of the somatotopic barrel map. To
change the normal pattern of spontaneous thalamic activity, we crossed a tamoxifen-
dependent Gbx2CreFR72 mouse with a floxed line expressing the inward rectifier potassium
channel 2.1 (Kir) fused to the mCherry reporter (fig. S2) (10). In this model ( 7#%"
hereafter), 78% of the VPM neurons express Kir-mCherry protein upon tamoxifen
administration at E10.5 (fig. S2). In control slices, more than half of the spontaneous
synchronous events in the VPM corresponded to large amplitude-highly synchronized
calcium waves, whereas the remaining activity reflected low amplitude, poorly synchronized
events. The highly synchronized waves were not detected in the 75" mice, in which only
small amplitude and mostly asynchronous activity persisted, although at a higher frequency
than in controls (Fig. 2, A-C; movies S3 and S4). Collectively, Kir overexpression shifted
the pattern of spontaneous activity in the thalamus from synchronized waves to
asynchronous activity.

At the cellular level, while control neurons were relatively depolarized at E16.5, 7757 cells
displayed a bi-stable pattern of activity with spontaneously alternating periods of
hyperpolarized and depolarized membrane potential (Fig. 2D and fig. S3). Action potentials
were generated in the depolarized phase in both control and 7#%" cells. This change in the
electrical properties of the 7/%/" neurons was sufficient to impede the generation of calcium
waves. Indeed, barium, an ion that blocks Kir channels (16), reversed the
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electrophysiological profile of 745/ neurons, recovering the wave-like activity in 745/
VPM networks (fig. S4 and movie S5). Thus, while there were no propagating calcium
waves in the thalamus of 7/% mice, the preservation of its asynchronous activity meant it
was not silent.

We analyzed how altering the pattern of spontaneous thalamic activity in our 7757 model
affected the functional columnar organization in S1. Peri-threshold VPM stimulation in
E17.5-E18.5 slices from control mice triggered a columnar-like cortical response (fig. SS5A
and movie S6). Conversely, this stimulation in 7/ slices consistently elicited a broader
(laterally) cortical calcium wave (fig. S5A; movies S7 and S8). Despite these differences, the
subplate was the earliest cortical compartment activated in both control and 7% mice,
followed by the upper cortex (fig. S5, B-D). Next, we tested whether the emergence of the
functional topographic map was affected in the 745" mice. Unlike the controls, stimulation
of adjacent regions in the VPM in the 7/X7 slices activated highly overlapping territories in
the cortex (Fig. 3A), indicating that the topographical representation of the thalamocortical
circuit does not emerge in the absence of embryonic thalamic waves. Postnatally, the cortical
response to VPM stimulation narrowed progressively with time in control slices, coinciding
at P4 with the dimensions of the cortical barrel, yet this spatial restriction occurred to a
lesser extent in the 775" mice (Fig. 3, B and C; movies S9 and S10). These differences were
observed irrespective of the stimulation strength (fig. S6).

The extended cortical activation in the 745" mice was not due to more extensive activation
of the VPM (fig. S7), yet it was associated with increased levels of intrinsic cortical
excitability. This was reflected by the high frequency of spontaneous cortical waves in 7/
slices (fig. S8, A and B) and the widespread cortical response to intracortical stimulation
(fig. S8, C-E). Next, we tested whether this change in cortical network excitability occurred
in the 7/ mice in vivo. Because cortical travelling waves were associated with action
potentials bursts (fig. S8F), we recorded extracellular cortical activity with multichannel
electrodes. We found extensive spontaneous events of synchronous activity spreading
horizontally in the 745 mice at P2-P3 (Fig. 3, D-F), consistent with the hyperexcitability
observed ex vivo. Then, we analyzed the possible origin for this excitability and found that
the amplitude of the calcium response was the same in the subplate but larger in the upper
cortex in the 7AX mice (fig. S9), suggesting a local alteration in the upper cortical network.
As metabotropic glutamate receptors (mGIuRs) participate in the propagation of cortical
spontaneous activity in newborn rodents (17, 18), we tested whether mGIuRs could be
involved in the hyperexcitability of cortical networks in 745" mice. Bath application of
MPEP (100 uM), a mGIu5 specific antagonist, rescued the activation of the thalamocortical-
induced cortical network into a column-like domain in 745" mice. Albeit MPEP decreased
the overall signal intensity in both conditions, it had no effect in the width of the cortical
response in controls (fig. S10, A-C). These results are consistent with increased expression
of cortical mGlu5 in the 7/% mice at PO (fig. S10D). Together, these data reveal that the
emergence of functional columns and somatotopic map in the S1 relies on thalamic control
of cortical excitability, implicating mGIuRs.

To ascertain whether embryonic thalamic activity and functional columns are a pre-requisite
to establish the postnatal anatomy of the barrel map, we examined thalamocortical axons
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clustering in the 7/%"mice in which this projection was labelled by GFP (19). The barrel
map was evident at P4 in control mice (12, 20) but no barrels were detected in tangential or
coronal sections of 7#%<" mice, where thalamocortical axons targeted the layer 4 but did not
segregate into discrete clusters (Fig. 4A and fig. S11). Furthermore, there was no
arrangement of layer 4 cells into barrel walls in the 745 mice. The absence of barrels did
not seem to originate from the loss of neurotransmitter release (21, 22), as thalamic neurons
in the 74X fire action potentials and activate synaptic currents in cortical cells (fig. S4A,
S9D and S12, A-C), and respond normally to whisker stimulation /in vivo (fig. S12, D and
E).

The disrupted barrel map in 7% mice could reflect altered point-to-point connectivity at
several subcortical levels (8, 23, 24). However, the organization of brainstem barrelettes and
thalamic barreloids in the 75" mice was normal (fig. S13). Since the barrel map ultimately
relies on the specific topographic organization of thalamocortical axons (25), we explored
whether some spatial segregation was conserved in the 745" mice. While dye deposition in
barrels C1 and C4 back-labeled cells in the corresponding barreloids of control mice, the
back-labeled territories in 7/%" mice were more extensive, including cells located in
neighboring barreloids (Fig. 4, B and C). Anterograde tracing from single barreloids also
revealed a broader horizontal disposition of thalamocortical axons in the layer 4 of the 7AX"
mice (fig. S14). Finally, we determined how this aberrant topographic map generated by the
lack of thalamic calcium waves affected the relay of sensory stimuli in early postnatal mice
in vivo. While stimulation of distinct points on the whisker pad at P3-P4 activated discrete
barrel-like patches in the control S1, similar stimulations of 7/%< mice led to enlarged
responses in the barrel-field (Fig. 4D; movies S11 and S12). Together, these data
demonstrate that the postnatal anatomic clustering of thalamocortical axons and the
somatotopic functional map is disrupted in the absence of embryonic thalamic waves.

As the critical period of thalamocortical plasticity in the S1 closes between P3 and P7 in
rodents (6, 20, 26), we assessed whether the loss of columnar organization in the 7/%/" mice
could be overcome by sensory experience. The loss of barrel organization and the lack of a
precise functional map persisted in adult 7% mice, as indicated by vGlut2 staining and the
unrestrained cortical activation of cFos (Fig. 4E and fig. S15). The thalamus of 7/%" mice
retained a normal functional topography when whiskers were stimulated (Fig. 4F). Hence,
the natural period of somatosensory-driven plasticity cannot overcome the altered
organization that occurs in the embryo.

Our data reveals that embryonic patterns of thalamic activity organize the architecture of the
somatosensory map. We show that the development of this map involves the emergence of
functional cortical columns in embryos, driven by spontaneous thalamic wave-like activity.
These embryonic columns display spatial segregation and somatotopic organization, despite
the immature state of the cortical sheet in which they materialize. We propose that patterned
activity in pre-cortical relay stations during embryonic stages prepares cortical areas and
circuits for upcoming sensory input. As thalamic waves are not exclusive to the
somatosensory nucleus but propagate to other sensory nuclei (e.g., visual or auditory (10)),
the principles of cortical map organization described here might be common to other
developing sensory systems.
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Mapping of touch sensation into brain regions is driven prenatally by spontaneous brain

activity.

One Sentence Summary
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Fig.1. Embryonic thalamocortical stimulation reveals an organized prenatal cortical map.
(A) Experimental design. Maximal projection of the calcium responses (AF/Fq, color coded)

in the ventral postero-medial nucleus (VPM) and cortex after VPM stimulation at E17.5. (B)
Calcium transients from boxes in A. (C) Experimental design. Maximal projection of
cortical responses after stimulation of three adjacent VPM regions at E18.5. (D) Plot of
stimulated VPM area versus cortical response width (black dot equals mean value). Right:
Plot of the stimulus position in the VPM versus the cortical response location (7= 16).
Colored circles represent the data in C. (E) Experimental design. Cortical calcium responses
elicited by mechanical stimulation of three contralateral whisker pad (Wp) sites (St1-St3) at
E18.5. Right: High-magnification and transients recorded in each ROl (boxes 1-3). (F) Plot
of the position of each cortical response relative to the centroid of the activated area (7= 8).
dLGN, dorso-lateral geniculate nucleus; RT, reticular thalamus; SuP, subplate; TCAs,
thalamocortical axons. Scale bars, 200 pm in A; 1 mm in E (left/middle) and 500 pm in E
(right).
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Fig.2. Desynchronizing the embryonic thalamic pattern of activity.
(A) Maximal projection of ex vivo spontaneous calcium activity in the ventral postero-

medial nucleus (VPM) and accompanying raster plots in control and 757 slices at E16.5.
(B) Properties of the VPM calcium events (7= 6 control, 7= 10 THX: #p< 0.05, **P<
0.01, ***P< 0.001). (C) Percentage distribution of active ROIs. (D) Representative traces
and quantification of membrane potential (Vm) in control and 7% neurons recorded at
E16.5-E18.5 (control n=7; TAKIr n=7). ***P< 0.001. dLGN, dorso-lateral geniculate
nucleus. Scale bars, 200 um. Data are means + SEM.
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Fig.3. Loss of functional cortical pre-barrel columnsin the ThKI" mice.

(A) Maximal projection of cortical responses after stimulation of two adjacent ventral
postero-medial (VPM) regions in 74X slices. Right: Quantifications of the activated area (1
=6 control, n=6 THXI': P < 0.05, **P< 0.01). (B) Cortical activation elicited by VPM
stimulation at P2 (inset: P4) in control and 7AX7 slices. (C) Quantification of the horizontal
spread of the cortical response (E17-18 7= 8 control, =9 7AXI":P0-1 n=5 control, n= 4
THKIr-p2-3 n=5 control, =5 THX"":P4-7 n=5 control, n=6 THX’). Right: Same in layer
4 at P4-P7 (n=6 control, n= 6 THXI': #*+p<0.001). (D) Experimental design and coronal
image showing the 4-shank (s1-s4) electrode insertion in S? (red). (E) Representative /n vivo
recordings of spontaneous cortical network activity. (F) Quantification of the cross-
correlation coefficient among shanks in control (7= 3) and 7A%" mice (7= 6). **P < 0.01.
Scale bars, 200 pm. Data are means + SEM.
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(A) Tangential sections showing the postero-medial barrel subfield (PMBSF) in control and
THKI" TCA-GFP mice at P4. (B) Experimental design and images showing PMBSF injection
sites and back-labeled barreloids in the ventral postero-medial nucleus (VPM). (C)
Quantification of data shown in B (7= 10 control, 7= 10 7AX/). (D) Maximal projection of
the /n vivo contralateral cortical responses elicited by mechanical stimulation of three
whisker pad (Wp) sites at P3-P4 (top right). D’: high-power views. D”: drawing of initial
(pink) and maximal (outline) extension of representative responses. Bottom-right:
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Quantification of the data (7= 6 control, n=5 THXI": #*P< 0.01). (E) Experimental design
and cortical cFos immunostaining. (F) VPM cFos immunostaining. Scale bars, 300 pm in A,
B right, E and F (insets 100 pm); 1 mm in B left and D (insets 500 um). Data are means +
SEM.
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