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Review of Yamawaki and Shepherd

The complex connectivity between neu-
rons of the neocortex is governed by
rules that give structure to cortical cir-
cuits. Most prominently, neurons in dif-
ferent cortical layers form specific
axonal projections to various other lay-
ers. Patterns of interlaminar connectiv-
ity are largely conserved across different
neocortical areas, an observation that
has led to the idea of a “canonical neo-
cortical microcircuit” (Douglas et al.,
1989; Harris and Shepherd, 2015). By
shaping the flow of activity within and
across cortical layers and columns, the
pathways of the canonical microcircuit
may represent a basic template for com-
putation in the cortex, which can be
adapted to diverse tasks in different cor-
tical regions.

Recently it has been suggested that the
cortical wiring diagram should be recon-
ceived as a stereotyped pattern of connec-
tivity between cell types, rather than
between layers (Harris and Shepherd,
2015). Among excitatory neurons, cell
types can be delineated not only by which
layer they occupy, but also by differences
in their morphology, intrinsic and func-
tional properties, genetic identity, and

long-range axonal targets. Emerging evi-
dence indicates that they also possess
unique patterns of input and output
within the local circuit. This organization
may endow distinct cell types with specific
computational roles; for example, by dif-
ferentially influencing the activity of dif-
ferent projection neurons, these patterns
of connectivity could segregate information
into separate output channels. To decipher
the logic of the cortical microcircuit, it is
therefore critical to determine how its con-
stituent cell types interact functionally.

A recent study by Yamawaki and Shep-
herd (2015) has done precisely this, in a se-
ries of experiments exploiting retrograde
labeling techniques to identify and manipu-
late different types of excitatory cortical pro-
jection neurons in layer 5B (L5B) and layer 6
(L6) of murine primary motor cortex (M1).
Based on labeling experiments here and in
other studies, the authors broadly divide
these neurons into three non-overlapping
classes: the pyramidal tract (PT) cells of L5B,
the corticothalamic (CT) cells of L6, and in-
tratelencephalic (IT) cells, which are found
in both layers (Harris and Shepherd, 2015).

To characterize the circuits formed by
these cell types, the authors used an ap-
proach developed by Shepherd and col-
leagues in previous work (Apicella et al.,
2012; Kiritani et al., 2012), using viral
vectors to express channelrhodopsin-2
(ChR2) selectively in only one cell type. By
injecting the thalamus, spinal cord, or
contralateral cortex/striatum with a mod-
ified rabies virus, the authors were able to
induce retrograde ChR2 expression in CT,

PT, or IT neurons, respectively, in differ-
ent experiments. In the same animals, the
authors also injected standard retrograde
tracers into two of these brain regions.
Thus, in acute slice experiments, they
could photostimulate a single cell type
(e.g., only CT cells) while performing
targeted whole-cell recordings of other
cell types (e.g., PT cells, IT cells, or non-
ChR2-expressing CT cells). Photostimu-
lation of each cell type resulted in
stereotypical patterns of excitation and in-
hibition in the other cells types, indicating
structured synaptic interactions between
cell types (Yamawaki and Shepherd,
2015). Yamawaki and Shepherd (2015)
further extended this strategy to investi-
gate how these cell types connect with
motor-related thalamic nuclei, complet-
ing an elegant and systematic survey of the
circuit.

Their approach has several advantages.
Targeted optogenetic stimulation allowed
the authors to characterize a circuit in-
volving several spatially intermingled
groups of cells, which would have been
impossible with caged-glutamate-based
mapping. Furthermore, because ChR2 is
expressed solely by excitatory cells, this
technique makes it possible to observe the
recruitment of disynaptic inhibition with-
out fear of directly stimulating inhibitory
interneurons. However, there are also
drawbacks to this method. Most notably,
the use of viral vectors results in unavoid-
able variability in the amount and extent
of ChR2 expression between different
preparations. In all of their experiments,
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the authors were careful to record from at
least two different cell types in each slice
and to analyze their results as pairwise
comparisons between neurons from the
same slice. This is a critical control, which
should be standard for this type of
experiment.

Using this approach, the authors stim-
ulated specific cell types while measuring
the balance of evoked excitation and inhi-
bition (E:I ratio) in neighboring ChR2
neurons. This balance is important to un-
derstand because the integration of these
two synaptic conductances shapes the rate
and timing of spiking output in postsyn-
aptic neurons (Isaacson and Scanziani,
2011). In one experiment, the authors
stimulated CT neurons while recording
EPSCs and IPSCs in other L6 neurons
(both CT and IT). The average amplitude
of evoked IPSCs was approximately five-
fold greater than that of EPSCs recorded
in the same cell (an E:I ratio of �1:5).
Stimulating IT neurons in similar condi-
tions yielded an E:I ratio of only �1:2.
This led them to conclude that the balance
of evoked excitation and inhibition is spe-
cific to the identity of the stimulated pre-
synaptic population.

E:I balance also differs among postsyn-
aptic cell types. Shepherd and colleagues
have previously shown that PT and IT
neurons receive dramatically different E:I
ratios during stimulation of corticostria-
tal (IT) neurons using the same methods
described above (Kiritani et al., 2012).
This has also been seen in sensory cortices:
in visual cortex, for example, stimulating
CT cells inhibits neurons in layer 4 (L4),
but powerfully excites neurons in layer 5A
(Kim et al., 2014). Furthermore, stimula-
tion of pyramidal cells in layer 2/3 (L2/3)
in barrel cortex generates a wide variety of
E:I ratios in different cortical layers, which
results in a net suppression of other L2/3
cells while simultaneously facilitating
spiking in L5 (Adesnik and Scanziani,
2010).

Thus, the E:I balance depends on the
identity of both the presynaptic and the
postsynaptic cell type, raising the possi-
bility that pathway-specific E:I ratios
govern the interactions between cell
types in the canonical microcircuit. This
degree of specificity would imply that
cell types are linked not only by direct
monosynaptic connections, but also
by indirect yet stereotyped inhibitory
circuits.

It is important to note, however, that
E:I ratios reported in this manner are
probably not static features of the corti-
cal circuit. Yamawaki and Shepherd

(2015) conducted their experiments in
quiescent slices, and stimulated using
brief pulses of wide-field illumination
that drove very transient activity (one or
a few spikes) in nearly all of the ChR2-
expressing neurons in the slice. Evoked
E:I may be very different when observed
in more active conditions or when
evoked by a sustained stimulus (Galar-
reta and Hestrin, 1998; Isaacson and
Scanziani, 2011). Further experiments
in more naturalistic conditions are
needed. Still, measurements of the syn-
aptic response to a brief impulse of ac-
tivity in a targeted population reflect the
direct and indirect connectivity linking
cell types. Thus, E:I ratios reported in
these types of experiments might be
thought of as a predisposition for one
cell type to suppress or excite another.

How might stereotyped inhibitory
pathways be manifest in the cortical mi-
crocircuit? Growing evidence suggests
that excitatory cell types can differen-
tially recruit specific populations of in-
terneurons. For example, CT cells in
visual cortex appear to preferentially ex-
cite certain fast-spiking interneurons
(Bortone et al., 2014; Kim et al., 2014),
and in L5 of somatosensory cortex, PT
neurons, but not IT neurons, can gener-
ate disynaptic inhibition by recruiting
Martinotti cells (Le Bé et al., 2007).
Thus, pathway-specific E:I could be medi-
ated by the activation of specific subsets of
interneurons by different excitatory cell
types. Inhibitory interneurons could also
conceivably target specific classes of excit-
atory neurons, though the extent to which
this occurs in the neocortex is unclear (for
review, see Krook-Magnuson et al., 2012;
Karnani et al., 2014). Unfortunately,
Yamawaki and Shepherd (2015) did not
directly record from inhibitory interneu-
rons, though Shepherd’s group has previ-
ously shown that this approach is effective
for characterizing inhibitory circuits
(Apicella et al., 2012).

Synaptic mechanisms also likely contrib-
ute to pathway-specific E:I ratios. Yamawaki
and Shepherd (2015) observed that the E:I
ratio generated by stimulation of one cell
type was preserved in postsynaptic cells re-
gardless of the absolute magnitude of the
evoked synaptic currents, suggesting that
excitation and inhibition are matched on a
cell-by-cell basis. Recent work in visual cor-
tex uncovered a homeostatic mechanism
that maintains E:I in the L4–to–L2/3 path-
way by individually scaling the strength of
inhibitory synapses onto L2/3 pyramidal
cells to match the amount of excitatory in-
put that each individual cell receives from

L4 (Xue et al., 2014). Yamawaki and Shep-
herd (2015) suggest that a similar mecha-
nism may explain their results. It will be
important to determine whether such a
mechanism could be extended to multiple
pathways with different E:I set points con-
verging on the same cell, or whether other
forms and/or loci of plasticity are involved.
This could potentially be addressed in the
near future using new optogenetic methods
to independently control two different cell
types in the same preparation (Hooks et al.,
2015).

Finally, what can specific E:I ratios tell us
about the functionality of different cell types
and pathways in the cortical microcircuit?
Yamawaki and Shepherd’s (2015) findings
are largely consistent with a study in visual
cortex showing that stimulation of CT cells
in visual cortex also evokes a low E:I ratio in
other neurons, resulting in a divisive reduc-
tion of activity throughout the circuit (Ol-
sen et al., 2012). Thus, these findings suggest
that CT cells may act as the “suppression
specialists” in the canonical microcircuit in
addition to providing feedback to thalamus,
which could be tested through similar ex-
periments in other cortical regions. Future
experiments in this mold will further refine
our map of the cortical microcircuit and im-
prove our understanding of how its form
gives rise to its function.
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