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Dopaminergic modulation of human consciousness
via default mode network connectivity

Brian L. Edlow®®""

Decades of preclinical studies indicate that dopami-
nergic neurons in the ventral tegmental area (VTA) of
the midbrain modulate animal behavior and cognition
(1). The role of dopaminergic VTA neurons in wakeful-
ness, and hence consciousness, emerged more re-
cently from VTA stimulation experiments utilizing
pharmacologic (2, 3), electrophysiologic (4), optoge-
netic (5, 6), and chemogenetic (7) methods, as well as
behavioral experiments in dopamine knockout mice
(8). Yet, confirmation of VTA modulation of human
consciousness has until now been elusive—inferred
from pharmacologic studies of dopaminergic thera-
pies (9) and positron emission studies of dopamine
receptor dynamics (10), but unconfirmed due to a lack
of suitable techniques for measuring VTA function in
humans. This absence of a translational link between
animal and human VTA function has hindered the con-
struction of a comprehensive subcortical-cortical con-
nectivity model of human consciousness and impeded
the development of new therapies to promote recov-
ery of consciousness in patients with severe brain
injuries (11).

In PNAS, Spindler et al. report groundbreaking
results from complementary observational and inter-
ventional studies that shed light on VTA modulation of
human consciousness, bridging the gap between
animal and human VTA research (12). In a series of
resting-state functional MRI experiments performed
in healthy volunteers undergoing propofol-induced
sedation (n = 24), patients with chronic disorders of
consciousness (DoC) caused by severe brain injuries
(n = 22), and patients with traumatic brain injury treat-
ed with methylphenidate (n = 12), Spindler et al. (12)
provide convergent evidence that the subcortical VTA
modulates human consciousness via connectivity with
the cortical default mode network (DMN). Although
VTA neurons connect with multiple regions of the ce-
rebral cortex via monosynaptic and polysynaptic path-
ways that traverse the mesocortical, mesolimbic, and
nigrostriatal bundles (13), the experiments here focus

on VTA connectivity with the precuneus/posterior cin-
gulate cortex (PCu/PCC), a well-established “hub node”
of the DMN. Electrophysiologic and neuroimaging
studies have revealed the DMN'’s role in conscious-
ness (14, 15) and the PCu/PCC's role as a DMN hub
(16, 17), but the role of VTA-PCu/PCC connectivity
in modulating human consciousness has not been
previously demonstrated.

By analyzing VTA-PCu/PCC connectivity in anes-
thetized and brain-injured human subjects, Spindler
et al. (12) generate parallel observations about the
mechanisms linking pharmacological and pathologi-
cal states of unconsciousness. Specifically, they dem-
onstrate that VTA-PCu/PCC functional connectivity is
similarly disrupted in states of unconsciousness pro-
duced by propofol sedation and severe brain injury.
Moreover, in subjects undergoing propofol sedation,
VTA functional disconnections showed anatomic
specificity for the PCu/PCC, and the magnitude of
these disconnections correlated with the dose of se-
dation. VTA-PCu/PCC connectivity was also associ-
ated with recall of stimuli presented during sedation.

Importantly, in patients with chronic DoC, VTA-
PCu/PCC disconnections were associated with disrup-
tion of PCu/PCC connectivity with other DMN nodes,
suggesting that VTA-PCu/PCC connectivity modulates
the broader DMN connectome. Spindler et al. (12) fur-
ther show that methylphenidate, a dopamine reuptake
inhibitor, promotes VTA-PCu/PCC connectivity in a
separate cohort of patients with traumatic brain in-
jury. Collectively, these findings provide a putative
mechanism—reintegration of VTA-PCu/PCC con-
nections and downstream reactivation of the DMN—
by which dopaminergic drugs promote recovery of
consciousness.

The potential translational impact of this ground-
breaking work is perhaps best viewed through the lens
of therapy development for patients with DoC, a
population for which few proven therapies exist (18).
To date, only amantadine has shown benefit in a phase-3
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randomized controlled trial, specifically for patients in the sub-
acute stage of recovery from traumatic DoC (4 to 16 wk postin-
jury). Multiple additional pharmacologic, electrophysiologic, and
ultrasonic therapies have been tested (18), but evidence of effi-
cacy is limited. Of the many barriers to therapy development, the
paucity of predictive biomarkers to identify patients who are likely
to respond and the lack of pharmacodynamic biomarkers to mea-
sure subclinical therapeutic effects in early-stage trials are of par-
amount importance (11). The present results suggest that
VTA-PCu/PCC connectivity has potential utility as both a predic-
tive and pharmacodynamic biomarker—the former because it
may identify likely responders to VTA neuromodulation, and the
latter because it may reveal whether a dopaminergic therapy has
engaged its target VTA network. The use of dopaminergic neuro-
imaging biomarkers in clinical trials is rapidly accelerating (10, 11,
19), and the findings from Spindler et al. (12) provide a strong
foundation for future efforts to develop VTA-based predictive
and pharmacodynamic biomarkers. These results thus have po-
tential to improve the design of clinical trials and expand the ther-
apeutic landscape for patients with DoC.

From a neuroscientific perspective, the present results raise
intriguing new questions about the neural correlates of conscious-
ness. There is ongoing debate about whether the neural corre-
lates of consciousness emerge from the anterior (i.e., prefrontal,
anterior cingulate, and orbitofrontal) or posterior (i.e., parietal,
occipital, and lateral temporal) regions of the cerebral cortex (20).
Evidence from lesion, stimulation, and electrophysiologic record-
ing studies indicates that the PCu/PCC is located within a “pos-
terior hot zone” that contributes to the contents of consciousness
(20). The present study did not test specifically for VTA connectivity
with anterior DMN nodes such as the medial prefrontal cortex, nor
was the study designed to distinguish between the level and the
contents of consciousness. Nevertheless, the findings highlight the
importance of the posterior cortex in human consciousness, raising
the possibility that the PCu/PCC is not only a hub node for the
DMN but also a hub for subcortical—cortical integration of arousal
and awareness in human consciousness (Fig. 1). As such, these
VTA-PCu/PCC connectivity findings add to a growing body of ev-
idence that network-based models of human consciousness may
provide clinically actionable therapeutic targets (11).

The study by Spindler et al. (12) thus helps to set the agenda
for the next decade of research into new treatments for patients
with DoC (21). VTA-DMN connectivity appears to be a prime tar-
get for a new generation of consciousness-promoting therapies.
Whether VTA-DMN neuromodulation can be optimized via
bottom-up (i.e., subcortical), top-down (i.e., cortical), or multidi-
rectional (i.e., concurrent subcortical and cortical) stimulation re-
mains to be determined. Elucidating the optimal timing, dosing,
and duration of therapy, as well as the patient characteristics that
predict a response to VTA-DMN neuromodulation, will require a
sustained, international commitment to clinical trials for patients
with DoC. It is also important to acknowledge that pharmacologic
therapy development should not proceed in a purely dopamine-
centric manner. The extensive interconnectivity of subcortical
nodes within the ascending arousal network (22) and the net-
work'’s resilience to injury (23) suggest that there may be multiple
structural scaffolds upon which functional recovery can be built.
Indeed, preliminary evidence suggests that there is a role for se-
rotonergic, noradrenergic, glutamatergic, cholinergic, orexiner-
gic, and even GABA-ergic therapies to promote consciousness
(18), depending on which components of an individual patient’s
connectome are preserved or disrupted (11). Nevertheless, the
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Fig. 1. Integration of subcortical and cortical connections in human
consciousness. (A) Tyrosine hydroxylase immunostaining of
dopaminergic neurons (brown), counterstained with hematoxylin
(blue), in a caudal midbrain tissue section. The human brain specimen
was donated by a 53-year-old woman who died of nonneurological
causes and whose brainstem histology data provided the basis for the
Harvard Ascending Arousal Atlas (22) used by Spindler et al. (12). (B)
Zoomed-in view of the region indicated by the black rectangle in A.
Dopaminergic VTA neurons are visualized posterior to the cerebral
peduncle (CP), medial to the substantia nigra (SN) and anterior to the
decussation of the superior cerebellar peduncles (xXSCP). (C) Anterior
view of three-dimensional brainstem arousal nuclei, manually traced
on an ex vivo MRI dataset from the same brain specimen using
histological guidance. (D) A diffusion tractography analysis from an
ex vivo MRI scan of a second brain specimen donated by a 60-year-old
woman who died of nonneurological causes, as previously described
(24). Tracts emanating from the VTA (pink) project diffusely to the
cerebral cortex, including the PCu/PCC. Tracts connecting the PCu/
PCC node of the DMN to the medial prefrontal cortex (mPFC) node
via the cingulum bundle (CB) are shown in blue. Collectively, these
tractography findings provide a structural correlate for the functional
connectivity findings reported by Spindler et al. (12), whereby
VTA-PCu/PCC connectivity appears to modulate the DMN.
Abbreviations: DR, dorsal raphe; Hy, hypothalamus; IC, inferior
colliculus; LC, locus coeruleus; MnR, median raphe; PBC, parabrachial
complex; PTg, pedunculotegmental nucleus; SC, superior colliculus.
Written informed consent for brain donation was provided by
surrogate decision makers, in accordance with an Institutional Review
Board-approved protocol. A higher-quality version of the figure is
available at Figshare (https://figshare.com/articles/figure/PNAS_
Commentary_Figure_20210719_pdf/15015297).

findings by Spindler et al. (12) provide a strong mechanistic ratio-
nale for future investigation into dopaminergic neuromodulation,
an enterprise with great potential to advance understanding
about the connectivity of human consciousness and improve the
lives of patients with DoC.

Data Availability. A higher-quality version of the figure is available
at Figshare (https://figshare.com/articles/figure/PNAS_Commentary_
Figure_20210719_pdf/15015297).
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