Neuron

specific RNA-binding protein to prevent
deleterious phase separation. For
example, bait RNAs can effectively solu-
bilize TDP-43 and counter neurodegener-
ation driven by cytoplasmic TDP-43 ag-
gregation (Mann et al., 2019). Since bait
RNAs are similar in size and character to
ASOs, they could be readily delivered to
degenerating neurons in patients. Clearly,
further studies are urgently needed to
understand how the exciting findings of
Lester et al. might empower therapeutic
strategies to mitigate neurodegeneration
in tauopathies.
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Basal ganglia reign through downstream control
of motor centers in midbrain and brain stem while
updating cortex with efference copy information
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In this issue of Neuron, McElvain et al. (2021) show that the major output of the basal ganglia, the substantia
nigra pars reticulata, targets no fewer than 42 midbrain and brainstem structures and conveys an efference
copy of the downstream commands back via thalamus to the cortex and striatum.

Much of the interest in the basal ganglia
has been focused on the information fed
back via thalamus to cortex, although it
has long been known that there are impor-
tant downstream connections to motor-
related targets. The results that McElvain
et al. (2021) report in this issue change,
in a radical way, our understanding of
the downstream control of movements
and the type of information that is chan-
neled back to cortex. The major output
nucleus of the basal ganglia in rodents is
the GABAergic substantia nigra pars re-
ticulata (SNr). The authors show that neu-
rons in the SNr target no fewer than 42

Gheck for
Updates

distinct regions, mostly in the midbrain
and at the pontine and medullary brain-
stem level, consisting of, e.g., centers
for the control of eye and orienting move-
ments (Hikosaka and Wurtz 1983),
posture, and locomotion, as well as orofa-
cial structures. These projections are
found to be highly segregated and sup-
port the notion of parallel channels of in-
formation processing through the basal
ganglia.

The different SNr subpopulations are ar-
ranged in an orderly fashion from lateral to
medial in the SNr (Figure 1). While all SNr
neurons are spontaneously active, they

Neuron 709, May 19, 2021 © 2021 Elsevier Inc.

exhibit heterogeneous physiological prop-
erties. McElvain et al. show that the lateral
onesdirected to the superior colliculus and
the pontine and medullary reticular forma-
tion have a higher level of activity and
briefer action potentials, whereas the
medial ones projecting to, e.g., the raphe
nuclei have longer-lasting action poten-
tials and a lower rest rate. This topographic
segregation within the SNr supports a
model in which parallel modules exist
throughout the basal ganglia (Figure 1;
Grillner and Robertson 2016). Under
resting conditions, SNr neurons continu-
ously inhibit all their targets. An increased
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Figure 1. Schematic representation of the basal ganglia downstream control of motor
structures in the midbrain-brainstem with specific efference copy information transmitted

back via thalamus to cortex and striatum

Subpopulations of neurons in the cortex project to subpopulations in the striatum that in turn inhibit
discrete groups of neurons in the substantia nigra pars reticulata (SNr; Foster et al., 2020). Each circle
indicates groups of neurons. Note that the upstream axonal branches to the motor thalamus and the
parafascicular nucleus (pf) forward efference copies about the specific activity in the output channels. Only
the “direct pathway” connectivity between the striatum and SNr is included in this scheme. McElvain
et al.’s contribution is that SNr is subdivided into subpopulations with specific motor targets and that each
conveys an efference copy to different parts of the motor thalamus or pf and further to cortex and striatum.

SNr activity leads to deepened inhibition.
Conversely, cessation of activity in any of
the SNr subpopulations leads to disinhibi-
tion of its particular target structure and
promotion of the specific action generated
by this structure, whether eye movements
or postural adjustments.

SNr neurons are also known to project
heavily to the motor thalamus, which pro-
jects to the cortex, and to the parafascic-
ular nucleus (pf) in thalamus, which pro-
jects back to the striatum. Some SNr
neurons have been known to have two
axonal branches: one downstream to
motor centers and another to the thal-
amus. McElvain et al. now show that all
the downstream-projecting SNr neurons
also have a thalamic axonal branch.
This means that the upstream thalamic
branches carry information about the
commands issued to the different motor
centers in the midbrain and brainstem.
As important, the different SNr subpopu-
lations each project to discrete sections
of the thalamic nuclei, such that the infor-
mation projected back to the cortex and
striatum is forwarded in a subpopula-
tion-specific manner (see Figure 1).
Hence, the cortex and striatum are
continuously receiving updated informa-
tion regarding the downstream com-
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mands issued from different parts of
SNr to the motor centers. This type of in-
formation can be described as an effer-
ence copy.

The efference copy information for-
warded to the cortex and striatum will be
important for the planning of upcoming
movements or the next phase of a move-
ment sequence, rather than the actual
movement being executed at that partic-
ular moment. With regard to the informa-
tion fed back to the cortex, it is noteworthy
that lesions of the motor thalamus per-
formed clinically for reducing Parkinso-
nian symptoms, particularly in the pre-
DOPA era (e.g., Duval et al., 2006), had
no effects on deficits of gait and posture,
but only on hand tremor. No cognitive or
emotional symptoms were reported,
despite the extensive projections back
from the parts of the striatum concerned
with emotional and cognitive processing
located in the dorsomedial and ventral
striatum (Alexander et al., 1986). These
findings suggest that the information car-
ried back via the thalamus is of the effer-
ence copy character, whereas motor
symptoms of Parkinson’s disease with re-
gard to gait and posture are due primarily
to the immediate downstream effects ex-
erted from the basal ganglia.

Neuron

The dorsomedial striatum is influenced
by limbic areas and talks to the medial
part of SNr, which, as McElvain et al.
show here, projects preferentially to tar-
gets such as the dorsal raphe. The so-
mato-motor part of striatum, the dorsolat-
eral part, projects mainly to the lateral part
of SNr, which affects different motor
structures. A very precise projection
pattern between the cortex, striatum,
and SNr has recently been established
(Foster et al., 2020). Thus, discrete parts
of cortex project to distinct striatal sub-
populations that in turn project to specific
SNr subpopulations (see Figure 1; Grillner
et al., 2020). The striatal projection neu-
rons (with D1 dopamine receptors) of the
“direct pathway” will, when activated,
inhibit the target SNr neurons, which in
turn will act to elicit a specific motor
pattern through disinhibition. The current
study builds upon this framework by
showing that these specific SNr subpopu-
lations are also specific in a precise tar-
geting pattern. In addition to the disinhibi-
tion produced by a cessation of SNr
activity directed to a specific brainstem-
midbrain motor center, additional excit-
atory input might also be received from
other structures like projections from cor-
tex. Most likely, a movement is as a rule
initiated through a combination of SNr-
induced disinhibition and excitation
from, for example, cortex.

In addition to the specific upstream
projection from the SNr via thalamus or
downstream to the many different tar-
gets, the authors identify a third category
of SNr projections, comprising the pe-
dunculopontine nucleus (PPN) and the
midbrain reticular formation. In contrast
to the orderly arranged input to the
thalamic nuclei from SNr, the axonal
branches to PPN appear to converge
from across the different SNr subpopula-
tions. If activity is reduced in any of the
SNr subpopulations, PPN will receive
less inhibition, and its activity will thus
be enhanced. Therefore, increases in
PPN activity will reflect the activation of
any of the motor centers that are acti-
vated from the SNr. The PPN is subdi-
vided into two parts, one mainly
ascending and another descending.
Each part consists of a glutamatergic
and a cholinergic portion, and both
have been implied in the control of loco-
motion (see Grillner et al., 2020).
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McElvain et al.’s results were obtained
in the mouse. In rodents, the SNr is
responsible for around 89% of the output
of the basal ganglia, while the smaller
globus pallidus interna (GPi; in rodents
often called the entopeduncular nucleus)
is responsible for the remainder. The latter
has not been studied in detail, but some of
these neurons are known to have both an
ascending and a descending branch, as in
SNr. Whether most have multiple axonal
branches is not known. In cats, a parcella-
tion of the SNr into separate parts control-
ling eye, postural, and locomotor
movements have been documented (Ta-
kakusaki et al., 2004). In primates, the
SNr has a similar downstream projection
pattern. Kim and Hikosaka (2013) have,
for instance, shown that different types
of eye movements are handled by
different parts of the primate SNr. In the
macaque, SNr represents but 45% of
the output of the basal ganglia and GPi
the remainder (Hardman et al., 2002).
The latter has thus increased in relative
size. The GPi and SNr are present in all
vertebrates (Grillner and Robertson
2016). The SNr is clearly concerned with
the control of different midbrain and
brainstem motor structures, but the role
of GPi is less clear, and it has been sug-
gested that it may be concerned also
with the strength or intensity of the
movement.

In conclusion, the view that some major
motor centers like the superior colliculus
are under tonic inhibition from the SNr
and that the basal ganglia contributes to
action selection through disinhibition of

downstream motor targets has been es-
tablished for many years (Hikosaka and
Wurtz 1983; Grillner et al., 2020; Takaku-
saki et al., 2004). These data have never-
theless often been overlooked in many
parts of current and previous basal ganglia
literature that, to a large degree, have been
focused on effects transmitted back to the
cortex via thalamus. What McElvain et al.
have importantly contributed to is (1) an
understanding of the detailed and precise
projection pattern to many different parts
of the midbrain and brainstem—more
than could have been imagined—and (2)
that the information fed back to the cortex
from SNr is of efference copy character
and carries information regarding the ac-
tivity in each of the different downstream
channels. This study should have a signifi-
cant impact on the thinking of the function
of the basal ganglia.

ACKNOWLEDGMENTS

We gratefully acknowledge the valuable com-
ments on the manuscript by Dr. Brita Robertson
and the support of the Swedish Medical Research
Council (VR-M-2019-01854), EU/FP7 Moving
Beyond grant ITN-No-316639, under grant agree-
ment no. 604102 (HBP), EU/Horizon 2020, no.
945539 (HBP SGA3), EU-Marie Curie European
School of Network Neuroscience (2020-2022;
PhD position for W.S.T.), and the Karolinska
Institutet.

REFERENCES

Alexander, G.E., DeLong, M.R., and Strick, P.L.
(1986). Parallel organization of functionally segre-
gated circuits linking basal ganglia and cortex.
Annu. Rev. Neurosci. 9, 357-381.

¢? CellPress

Duval, C., Panisset, M., Strafella, A.P., and
Sadikot, A.F. (2006). The impact of ventrolateral
thalamotomy on tremor and voluntary motor
behavior in patients with Parkinson’s disease.
Exp. Brain Res. 770, 160-171.

Foster, N.N., Korobkova, L., Garcia, L., Gao, L.,
Becerra, M., Sherafat, Y., Peng, B., Li, X., Choi,
J.-H., Gou, L., et al. (2020). The mouse cortico-
basal ganglia-thalamic network. bioRxiv. 2020.
2010.2006.326876. https://doi.org/10.1101/2020.
10.06.326876.

Grillner, S., and Robertson, B. (2016). The Basal
Ganglia Over 500 Million Years. Curr. Biol. 26,
R1088-R1100.

Grillner, S., Robertson, B., and Kotaleski, J.H.
(2020). Basal Ganglia-A Motion Perspective.
Compr. Physiol. 70, 1241-1275.

Hardman, C.D., Henderson, J.M., Finkelstein, D.I.,
Horne, M.K., Paxinos, G., and Halliday, G.M.
(2002). Comparison of the basal ganglia in rats,
marmosets, macaques, baboons, and humans:
volume and neuronal number for the output, inter-
nal relay, and striatal modulating nuclei. J. Comp.
Neurol. 445, 238-255.

Hikosaka, O., and Wurtz, R.H. (1983). Visual and
oculomotor functions of monkey substantia
nigra pars reticulata. 1V. Relation of substantia ni-
gra to superior colliculus. J. Neurophysiol. 49,
1285-1301.

Kim, H.F., and Hikosaka, O. (2013). Distinct basal
ganglia circuits controlling behaviors guided by
flexible and stable values. Neuron 79, 1001-1010.

McElvain, L.E., Chen, Y., Moore, J.D., Brigidi,
G.S., Bloodgood, B.L., Lim, B.K., Costa, R.M.,
and Kleinfeld, D. (2021). Specific populations of
basal ganglia output neurons target distinct brain
stem areas while collateralizing throughout the

diencephalon. Neuron 1709, this issue, 1721-
1738.e4.
Takakusaki, K., Saitoh, K., Harada, H., and

Kashiwayanagi, M. (2004). Role of basal ganglia-
brainstem pathways in the control of motor behav-
iors. Neurosci. Res. 50, 137-151.

Neuron 709, May 19, 2021 1589



http://refhub.elsevier.com/S0896-6273(21)00281-6/sref1
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref1
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref1
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref1
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref2
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref2
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref2
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref2
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref2
https://doi.org/10.1101/2020.10.06.326876
https://doi.org/10.1101/2020.10.06.326876
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref4
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref4
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref4
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref5
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref5
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref5
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref6
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref7
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref7
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref7
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref7
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref7
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref8
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref8
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref8
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref9
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref10
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref10
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref10
http://refhub.elsevier.com/S0896-6273(21)00281-6/sref10

	Basal ganglia reign through downstream control of motor centers in midbrain and brain stem while updating cortex with effer ...
	Acknowledgments
	References


