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Goal-directed behavior often involves temporal separation and flexible context-
dependent association between sensory input and motor output. The control of goal-
directed behavior is proposed to lie in the frontoparietal network, but the computational
architecture of this network remains elusive. Based on recent rodent studies that
measured and manipulated projection neurons in the frontoparietal network together
with findings from earlier primate studies, we propose a canonical scheme of information
flows in this network. The parietofrontal pathway transmits the spatial information of a
sensory stimulus or internal motor bias to drive motor programs in the frontal areas.
This pathway might consist of multiple parallel connections, each controlling distinct
motor effectors. The frontoparietal pathway sends the spatial information of cognitively
processed motor plans through multiple parallel connections. Each of these connections
could support distinct spatial functions that use the motor target information, including
attention allocation, multi-body part coordination, and forward estimation of movement
state (i.e., forward models). The parallel pathways in the frontoparietal network
enable dynamic interactions between regions that are tuned for specific goal-directed
behaviors. This scheme offers a promising framework within which the computational
architecture of the frontoparietal network and the underlying circuit mechanisms can
be delineated in a systematic way, providing a holistic understanding of information
processing in this network. Clarifying this network may also improve the diagnosis and
treatment of behavioral deficits associated with dysfunctional frontoparietal connectivity
in various neurological disorders including Alzheimer’s disease.

Keywords: parietal cortex, frontal cortex, long-range connectivity, projection-specific, projection neurons, inter-
area communication, goal-directed behavior, Alzheimer’s disease

INTRODUCTION

Our behavior flexibly changes depending on the desired goal. Approaching the same intersection,
we may prepare to turn left or right depending on our current goal (e.g., going to work vs. the
supermarket). Faced with the same dessert at the supermarket, we may choose to put it in our
shopping cart or not depending on our desired goal (e.g., entertaining guests at a party or losing
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weight). Brain areas supporting such flexible goal-directed
behavior include the posterior parietal cortex (PPC), frontal
premotor cortex (PMC), and prefrontal cortex (PFC), collectively
forming the frontoparietal network (Uddin et al., 2019).
Numerous imaging and electrophysiological studies in humans
and non-human primates have implicated this network in a
variety of cognitive processes underlying goal-directed behavior,
such as decision-making, memory, attention, motor planning,
and sensorimotor control (Corbetta, 1998; Andersen and Cui,
2009; Ptak et al., 2017; Violante et al., 2017; Battaglia-Mayer
and Caminiti, 2019). Despite extensive research on single-
neuron activity and functional magnetic resonance imaging
(fMRI) signals across the frontoparietal network, however, the
computational architecture of this multi-region network remains
elusive and basic questions are largely unanswered. For example,
what are the unique roles of different brain areas in the
frontoparietal network, what kinds of information are exchanged
between areas, and how does this network perform many related
yet distinct functions? Most frontoparietal areas show highly
complex and heterogeneous neural activity patterns, reflecting
the associative nature of their functional roles. Furthermore,
complex activity patterns are extremely similar among different
brain areas, likely due to their convergent interactions via
reciprocal connections. These similar and complex activity
patterns mask the unique contributions of each area, making
it difficult to infer the computational architecture, including
the flow of information processing among different brain
areas in the network.

One way to unravel the flow of information processing in
a network is to identify the information content transmitted
from one area to another. The direct characterization of inter-
areal information flows requires the examination of the activity
of projection neurons. For instance, an early study examined
the activity of neurons projecting from the PPC to the frontal
eye field (FEF) in the frontal lobe and found strong and
prevalent visual activity in those neurons (Ferraina et al., 2002),
implicating the PPC in early visual processing of sensory stimuli.
Despite this early success, pathway-specific investigations of
projection neurons have not been widely performed in the
field due to the laborious and inefficient technical procedures
required to identify projection neurons. Circumventing these
technical difficulties, simultaneous multi-area activity recording
and sophisticated signal analysis tools have been employed to
infer the nature of inter-areal communication. For instance,
inter-areal spike-field coherence analysis between the PPC and
the dorsal premotor cortex (PMd) suggested that information
flow from the frontal to the parietal cortex is enhanced during
free-choice decision-making (Pesaran et al., 2008). Temporal lag
analysis of spiking activity between the PPC and PMd suggested
that cognitive rule-based action goal selection arises first in
the frontal region and then in the parietal area (Westendorff
et al., 2010). However, the observed coherence or temporal lag
difference could be mediated by some of many possible indirect
pathways connecting any two higher brain areas. Thus, direct
investigation of projection neurons is still necessary to ascertain
the route of the analytically inferred information transmission.
Furthermore, examining task-dependent or learning-related

changes in projection neurons can reveal the mechanisms
underlying dynamic connectivity in this network (Pesaran et al.,
2008; Suriya-Arunroj and Gail, 2019; Taghizadeh et al., 2020).

Recent scientific advances have made the study of projection
neurons in the frontoparietal network more tractable. At the
technical front, a diverse set of tools has been developed and
become readily available for large ensemble recording and
manipulation of projection neurons in specific pathways in
rodents. At the biological front, studies have demonstrated
that the frontoparietal areas in rodents, similar to primates,
are involved in the control of goal-directed behavior (see
later sections) (Sul et al., 2011; Harvey et al., 2012; Raposo
et al., 2014; Hanks et al., 2015; Hwang et al., 2017). The
similar functional properties of frontoparietal areas, together
with advanced experimental tools, has created the unprecedented
opportunity to directly interrogate information flows in the
frontoparietal network in great detail. This Mini Review briefly
describes the currently available pathway-specific investigation
tools, highlights recent discoveries in the rodent frontoparietal
network, proposes a canonical scheme of information flows in
this network, and discusses the significance of investigating the
frontoparietal network in Alzheimer’s disease (AD).

ADVANCEMENTS IN STUDYING
CORTICAL COMPUTATIONS BY
LONG-RANGE CONNECTIVITY

All cortical functions rely on long-range connectivity to exchange
information between brain areas and support hierarchical and
distributed neural processing (Felleman and Van Essen, 1991).
Thus, to gain a holistic understanding of information processing
in the brain network, it is crucial to identify the specific
information that is transmitted by each connection or pathway.
Such identification was traditionally achieved by identifying long-
range projection neurons by eliciting antidromic spikes; electrical
stimulation of axonal fibers at the projected area can cause
antidromic spikes that can be confirmed by a collision test
(Bishop et al., 1962). This antidromic identification approach was
instrumental to the discovery of the information conveyed to the
FEF both from the superior colliculus via the thalamus and from
the parietal cortex (Ferraina et al., 2002; Sommer and Wurtz,
2002). However, this approach is technically arduous. Recent
methodological advances have led to powerful tools for recording
and manipulating the signals conveyed by long-range projection
neurons, enabling us to investigate pathway-specific information
flows more efficiently and precisely.

Currently, there are several ways to identify and record
the activity of projection neurons. The first approach is to
infect projection neurons with retrograde virus expressing light-
sensitive ion channels (e.g., channelrhodopsin) and identify the
spike activity upon direct activation of the cell bodies/somas
(Lima et al., 2009) or antidromic activation of the projected axon
terminals in a remote area (Sato et al., 2014; Economo et al.,
2018). The second approach is to visually identify projection
neurons by combining standard in vivo two-photon calcium
imaging (Stosiek et al., 2003) with retrograde fluorescence
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labeling (Sato and Svoboda, 2010; Jarosiewicz et al., 2012; Chen
et al., 2013; Yamashita et al., 2013; Hwang et al., 2019; Condylis
et al., 2020; Figure 1A). The third approach is to monitor the
activity of projection neurons by imaging their axon terminals
(Petreanu et al., 2012; Glickfeld et al., 2013; Kwon et al., 2016;
Itokazu et al., 2018). When projection neurons fire, spikes
arrive at their axon terminals, evoking an increase in calcium
concentration that can be detected by axonal calcium imaging.

Information flow from one area to another also can
be manipulated in order to demonstrate its causal role in
specific neural processing or even a behavior. Activation
can be applied to test gain-of-function, and suppression can
test loss-of-function. A pathway of interest can be activated
optogenetically by illuminating axon terminals of projection
neurons that are infected with virus expressing channelrhodopsin
(Gradinaru et al., 2007). Alternatively, if the expression of
channelrhodopsin is limited to the projection neurons by
retrograde virus expression, light can be illuminated onto
the somas of projection neurons (Znamenskiy and Zador,
2013). Similarly, specific pathways can be suppressed by
expressing inhibitory light-sensitive pumps (Znamenskiy and
Zador, 2013; Hwang et al., 2019). Illumination can be applied
to somas or axons (Figure 1B). However, in some cases
axonal optogenetic suppression causes anomalous synaptic
activation, such as when using the light-activated proton
pump eArch or ion channel GtACR (Mahn et al., 2016),
requiring independent confirmation of results with somatic
suppression. Axonal suppression can also be achieved using
local chemogenetic approaches (Stachniak et al., 2014); however,

this method is not ideal if the temporal specificity of the
suppression is critical. A new promising approach for axonal
suppression is to inhibit synaptic vesicle release via an
inhibitory G protein-coupled receptor (Copits et al., 2021;
Mahn et al., 2021).

Information flow from one area to another is carried by
projection neurons, and the projection neurons, in turn, receive
inputs from presynaptic neurons in multiple brain areas. Such a
series of information flows can be examined by a new technical
approach that can visualize presynaptic neurons of specific
projection neurons (i.e., the “tracing the relationship between
input and output” or TRIO method) (Schwarz et al., 2015). This
method utilizes the pseudotyped, glycoprotein-deleted rabies
virus (Wickersham et al., 2007; Figure 1C), which infects certain
cells (starter cells) that have EnvA receptors (TVA), and then
spreads to the presynaptic neurons of the starter cells only when
the starter cells express glycoprotein separately. Both the starter
cells and the glycoprotein expression can be limited to projection
neurons by a combination of Cre-dependent expression of the
helper components (TVA and glycoprotein) and retrograde
expression of Cre recombinase in the projection neurons. As
an example, the TRIO method has been utilized to demonstrate
that neurons that project from the parietal cortex to the frontal
secondary motor cortex (M2) receive enriched sensorimotor
inputs, including those from the primary motor cortex and the
primary somatosensory upper-body regions (coronal section in
Figure 1C; Hwang et al., 2019). Although toxicity issues need to
be further resolved, this strategy could be extended to measure or
manipulate the activity of neurons presynaptic to the projection

FIGURE 1 | Approachese to investigate long-range projection neurons. (A) Identification of projection neurons by retrograde labeling and two-photon calcium
imaging. For instance, projection neurons can be labeled with tdTomato by combining Cre recombinase expressing retrograde virus (CAV-Cre) and Cre-dependent
tdTomato expressing adeno-associated virus (AAV). Bottom image shows tdTomato expression in projection neurons (red) together with GCaMP6s expression in
cells driven by the CaMKII promotor (green). (B) Suppression of projection neurons by an inhibitory light-sensitive ion pump, eNpHR. Similar to (A), projection
neurons can express eNpHR by the combined viral approach. Bottom image shows eNpHR expression in projection neurons (green) and neuronal nuclear protein
NeuN signal (blue) in all neurons. (C) Monosynaptic retrograde tracing of neurons presynaptic to projection neurons. The first step is to express Cre recombinase
only in long-range projection neurons. The Cre expression can be anatomically confined by injecting retrograde virus into the target area. In the second step, the
projection neurons must attain the capability for infection of modified rabies virus and its trans-synaptic spread by expressing a specific receptor (TVA) and rabies
glycoprotein (G). These two proteins are expressed by Cre-dependent AAV in the Cre-expressing projection neurons (red neurons in C). The third step is to infect the
projection neurons with pseudotyped, glycoprotein-deleted rabies virus, and to spread the rabies virus monosynaptically to presynaptic neurons brain-wide. Bottom
image shows the remote input regions with GFP expression in long-range presynaptic neurons (green). All figures are modified from Hwang et al. (2019).
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neurons by using rabies virus that expresses either activity sensors
or light-sensitive ion channels (Reardon et al., 2016).

Some of these powerful techniques have been applied in
pathway-specific investigations of the frontoparietal network,
providing important clues into the computational architecture of
this network, as detailed in the following sections.

PARIETOFRONTAL CONNECTIVITY

What information is transmitted from the parietal to the frontal
areas? Insights into this question may be gained by examining
the known features of the primate and rodent PPC. The
primate PPC is parceled into multiple subregions, each projecting
to selective frontal premotor regions and organizing actions
involving specific motor effectors; the parietal reach region (PRR)
projects to the PMd for arm reaches, the lateral intraparietal
area (LIP) projects to the FEF for oculomotor behavior, and the
anterior intraparietal area projects to the ventral premotor cortex
for hand grasping (Cavada and Goldman-Rakic, 1989; Andersen
et al., 1990; Stanton et al., 1995; Johnson et al., 1996; Tanné-
Gariépy et al., 2002). The PRR neurons are active during the
delay period in a memory-guided reach task when the upcoming
reaches are toward their preferred locations, and inactivation of
these neurons deteriorates the accuracy of the reach endpoints
(Snyder et al., 1997; Hwang et al., 2012). The PRR neurons
exhibit sustained activity during the delay period, indicative
of working memory (Snyder et al., 1997). Analogous, the LIP
neurons show sustained activity during the planning period of
an eye saccade and are spatially tuned for particular saccade
directions (Gnadt and Andersen, 1988). Intriguingly, the LIP
neurons are also activated by salient, task-irrelevant visual stimuli
(i.e., distractors) and the salient pop-out target location in a
visual target search task before the frontal cortex, suggesting
that they play a role in bottom-up spatial attention as well
(Bisley and Goldberg, 2003; Buschman and Miller, 2007; Ibos
et al., 2013). Additionally, the LIP neurons track the strength
of the sensory evidence in a perceptual decision-making task,
suggesting that they reflect the accumulation of evidence that
supports the choice of a saccade toward a preferred direction
(Shadlen and Newsome, 2001). However, inactivation of the LIP
has no effect on the perceptual decision-making that requires
sensory evidence accumulation; thus, the causal role of the neural
activity reflecting sensory evidence accumulation remains to be
determined (Katz et al., 2016). The LIP neurons also reflect
the probability or size of a reward associated with the planned
saccade and the bias for the saccade associated with a higher
reward (Platt and Glimcher, 1999; Glimcher, 2003; Dorris and
Glimcher, 2004). Such action bias coding appears to be updated
by tracking previous trial choice and outcome history (Seo et al.,
2009), and might account for the finding that inactivation of the
LIP increases an ipsilateral choice bias in a free choice task (Wilke
et al., 2012; Christopoulos et al., 2015; Katz et al., 2016). As such,
extensive primate research has established that the primate PPC
is central for various aspects of goal-directed behavior including
action-planning, working memory, attention, decision-making,
and internally generated choice bias.

Compared to the primate PPC, the functional and anatomical
properties of the rodent PPC are less well understood.
Nevertheless, a number of recent studies revealed common key
functions and connectivity in the PPC between the two species.
First, similar to the primate PPC, the rodent PPC spans between
the visual and somatosensory regions on the dorsal part of
the cortex and project to the frontal areas such as the M2,
orbitofrontal cortex, and anterior cingulate cortex (Hovde et al.,
2018; Lyamzin and Benucci, 2019). The region comprising the
rodent PPC mainly includes the areas referred to as VA, and part
of VRL and VAM (Hovde et al., 2018; Lyamzin and Benucci, 2019).
Second, the mouse PPC neuronal activity encodes upcoming
choice in a memory-guided go/no-go task during the delay
period, and the PPC activity showed intermediate properties
between the visual cortex and frontal motor cortex in terms of
the temporal profile and the extent of mixing sensory and motor
response information (Goard et al., 2016). These activity patterns
suggest a role of the rodent PPC in sensorimotor transformation
and action planning. Third, the PPC single-neuron activity in
mice during memory-guided navigation in a virtual T-maze
encodes the upcoming turning choice, and inactivation of the
PPC impairs memory-guided task performance (Harvey et al.,
2012; Driscoll et al., 2017), suggesting that the rodent PPC is
involved in working memory in a decision-making task. Fourth,
in rats, PPC activity indicates the accumulation of sensory
evidence for perceptual decision-making, but no behavioral effect
is observed when this activity is inactivated, suggesting that
evidence accumulation takes place outside of the PPC (Erlich
et al., 2015; Hanks et al., 2015; Licata et al., 2017; Scott et al.,
2017). This absence of a causal effect recapitulates the findings in
primates. Finally, in both rats and mice, PPC activity encodes the
previous trial choice, outcome, and stimulus information history
that biases future choices, and perturbing that activity alters the
history-dependent bias (Morcos and Harvey, 2016; Hwang et al.,
2017; Akrami et al., 2018). Although some mechanistic details
diverge such as the lack of sustained activity during a delay period
in the rodent PPC, all of these functional properties of the rodent
PPC resemble those of the primate PPC in similar task settings.

Given these general functional analogies between species, the
long-standing question of what information the PPC sends to the
frontal areas may be efficiently examined in a rodent model using
the aforementioned advanced techniques. Two recent studies
in mice tackled this issue by measuring and manipulating the
activity of neurons projecting from the PPC to the frontal area
M2 in a mouse model. The first study examined the information
flow from the PPC to the M2 by imaging the activity of PPC
neuronal axons in the M2 during a visually guided eye movement
task (Itokazu et al., 2018). The PPC neurons in this study reside
in the areas traditionally referred to as the secondary visual cortex
(VRL, VA, and VAL), which largely overlap with the posterior-
lateral PPC where M2-projecting neurons are prevalent (Hwang
et al., 2019; Lyamzin and Benucci, 2019). Itokazu et al. (2018)
found that the general population of PPC neurons encodes a
mixture of both the visual stimulus and movement target location
information in a heterogeneous manner (bottom histogram in
Figure 2), but M2-projecting neurons predominantly encode
the location of the visual stimulus (left histogram in Figure 2).

Frontiers in Neural Circuits | www.frontiersin.org 4 August 2021 | Volume 15 | Article 691314

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-691314 August 6, 2021 Time: 14:56 # 5

Hwang et al. The Frontoparietal Network

That is, the PPC sends the spatial information of the sensory
stimulus to the M2. This result in mice is consistent with previous
findings in macaques: (1) the visual response during a saccade
task is more prevalent in PPC neurons projecting to the FEF
than PPC neurons projecting to the superior colliculus (Ferraina
et al., 2002), (2) neurons are more prevalent in the PPC than the
PMd that preferentially represent a target for the stimulus-driven
(i.e., visually guided), reflexive movement that coincides with the
stimulus location (Westendorff et al., 2010), and (3) stimulus-
driven spatial attention leading to an eye movement arises in
the PPC before the FEF (Buschman and Miller, 2007; Ibos et al.,
2013). Overall, the predominant transmission of the stimulus
location information by the parietofrontal pathway fits well with
the view that the PPC might feed into the frontal areas for the
spatial information of a target for stimulus-driven reflexive and
fixed movements (Andersen and Buneo, 2002).

What is the functional purpose of the information flow
in the parietofrontal pathway? Although Itokazu et al. did
not investigate the behavioral impact of inactivating PPC
neurons projecting to the M2, a separate study examined
these behavioral effects (Hwang et al., 2019). This study
utilized retrograde virus to express inhibitory opsins selectively
in projection neurons (Figure 1B). Hwang et al. (2019)
found that inactivation of PPC neurons projecting to the
M2 slows down upcoming movements and perturbs the
movement trajectory in a forelimb-based visuomotor association
task. This result is consistent with the known pathology
that PPC inactivation or lesion causes optic ataxia, i.e.,
impaired spatial control of limb movements (Hwang et al., 2012;

Andersen et al., 2014). Furthermore, Hwang et al. (2019) showed
that inactivating a different path (the PPC to the striatum)
did not impact the movement trajectory, underscoring that
the PPC contributes to motor control specifically through
its parietofrontal pathway. Thus, information transmitted by
the parietofrontal pathway might be used to drive or shape
motor programs in the frontal areas. It is noteworthy, however,
that other rodent studies that inactivated the PPC did not
find or report effects on movements (Harvey et al., 2012;
Guo et al., 2014; Erlich et al., 2015; Goard et al., 2016).
This discrepancy might be related to the fact that other
studies examined movements such as licking, locomotion,
and whole-body turning that may not require precise control
over kinematics, while Hwang et al. examined finer forelimb
movement trajectories. In addition, the inactivation effect in
Hwang et al. (2019) was significant, yet subtle, such that
only detailed kinematic analysis could reveal the induced
changes on movements.

Hwang et al. (2019) also recorded the activity by combining
retrograde labeling with two-photon calcium imaging
(Figure 1A). This study found that PPC neurons projecting to the
M2 encode the upcoming motor target location in the absence
of a sensory stimulus, albeit significantly less than striatum-
projecting PPC neurons, another type of major projection
neuron. Using a computational model, Hwang et al. (2017)
showed that mice in their task are biased toward one of the two
motor targets before stimulus presentation, and representation
of such internal biases underlies the coding of upcoming motor
target location in PPC neurons (Hwang et al., 2017).

FIGURE 2 | Proposed parallel information flows between the PFC/PMC and the PPC. The PPC sends PFC/PMC sensory-driven or internally biased target
information for planning eye, limb, and whole-body movements. The PFC/PMC sends the PPC motor target information required for processing attention, forward
models, and multibody coordination in parallel. Histograms represent the degree of sensory- vs. motor-target coding across all neurons in the PPC (bottom), axons
projecting from the PPC to the PMC (left), all neurons in the PMC (top), and axons projecting from the PMC to the PPC (right). Coding preference for individual
neurons or axons was represented as a polar angle in a two-dimensional plane in which the x- and y-axes correspond to visual and motor activity in a visually guided
eye movement task in mice (Itokazu et al., 2018). Zero degree means purely visual activity and 90 degrees means solely motor activity.
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Taken together, these two mouse studies found that the
parietofrontal pathway transmits the spatial information of
both sensory stimuli and internal bias. These findings raise an
intriguing question of whether the same population of PPC
neurons encodes both the stimulus and internal bias information.
Multiple scenarios can be conjectured. First, the two lines
of input information, the external stimulus and internal bias,
might be integrated in the same population of PPC neurons
and utilize an overlapping pathway for motor control. Second,
distinct PPC neurons might encode each type of information but
converge and feed into the same M2 neurons. Third, distinct
PPC neurons encoding each type of information might project
to distinct subpopulations or subregions in the M2. This scenario
suggests that the multiple parallel parietofrontal pathways might
be segregated based on the type of information (i.e., internally
versus externally driven information, Figure 2). In line with this
scenario, the frontoparietal network in humans contains at least
three parallel pathways, two of which are selectively activated by
internal or external triggers (Uddin et al., 2019).

In addition to these scenarios, parallel pathways might be
differentiated by the type of motor effector (i.e., forelimb vs.
eye), similar to primates and humans, each controlling a specific
effector such as saccade, reach, or grasp (Wise et al., 1997;
Andersen et al., 2014; Battaglia-Mayer and Caminiti, 2019). Such
parallel pathways likely exist given the necessity for somatotopic
organization in the frontal motor areas. Consistent with this idea,
an anatomical examination of the frontoparietal network in rats
and mice found that all PPC subdivisions are strongly connected
with the frontal area M2 in a topographically organized manner
and largely reciprocate the densest input stems from the same
areas (Sreenivasan et al., 2016; Zhang et al., 2016; Itokazu et al.,
2018; Olsen et al., 2019). This anatomical configuration may
exist to support the parallel organization of effector-specific
frontoparietal connections. Clarifying those possibilities listed
above will reveal the computational architecture of the network
at a finer granularity.

FRONTOPARIETAL CONNECTIVITY

What information is transmitted from the frontal to the parietal
areas? Before delving into this question, we first review our
current understanding of the frontal cortical regions that are
strongly interconnected with the parietal regions in primates
and rodents. In primates, the PMd is reciprocally connected
with the PRR and the two areas show very similar neuronal
response properties (Johnson et al., 1996; Wise et al., 1997;
Musallam et al., 2004; Westendorff et al., 2010). In a delayed
or memory-guided reach task, the PMd neurons show sustained
activity before reaches to their preferred directions during the
delay period, suggestive of action planning and working memory
(Weinrich and Wise, 1982; Mitz et al., 1991; Crammond and
Kalaska, 1994; Cisek et al., 2003; Churchland et al., 2006b; Gail
et al., 2009). The delay-period activity of PMd neurons also
encodes the speed and amplitude of upcoming movements, and
inactivation of the PMd slows down the initiation of movements,
reflecting its involvement in the control of motor programs

(Churchland et al., 2006a; Churchland and Shenoy, 2007). The
PMd neurons also encode the movement plan inferred from
conditional sensorimotor associations (e.g., red and left vs.
blue and right) (Mitz et al., 1991; Wise and Murray, 2000).
PMd lesions impair such conditional sensorimotor associations
(Passingham, 1988; Kurata and Hoffman, 1994), implicating the
PMd in abstract rule-based action selection.

In parallel to the close link between the PMd and PRR for
reaching movements, the primate FEF in the frontal lobe and the
LIP are reciprocally connected for eye movements and attention
(Bruce and Goldberg, 1985; Bruce et al., 1985; Stanton et al.,
1989). Note that although the FEF is considered to be part of
the PFC, it shows cytoarchitectural and functional properties
reminiscent of the frontal motor areas. Unlike other PFC areas,
the FEF has a relatively subtle layer 4, a dense population of large
pyramidal neurons in layer 5, and a population of large layer 3
pyramidal neurons, similar to the primary motor cortical areas
(Stanton et al., 1989). In addition, small electrical currents in
the FEF robustly elicit eye movements (Bruce et al., 1985). Thus,
the FEF appears to be a functional intermediate between the
PFC and the frontal motor areas, with characteristics analogous
to the PMd. The FEF neurons show sustained activity during
memory-guided saccade tasks indicative of saccade planning and
working memory (Bruce and Goldberg, 1985). Mirroring the LIP,
the FEF plays an important role in the control of visual attention
as well, but its position in the functional hierarchy may differ
from the LIP (Moore and Fallah, 2001; Wardak et al., 2006; Schall
et al., 2011). More specifically, in a visual search task, the spatial
attention signal guided by a top-down computation using the
prior cue emerges in the FEF before the LIP, whereas the opposite
temporal order occurs for bottom-up sensory driven attention
(Buschman and Miller, 2007; Ibos et al., 2013). Moreover, the FEF
neurons show context-dependent neural activity and dynamics
in response to the same sensory stimuli, suggesting that the
FEF might guide abstract rule-based action selection (Sato and
Schall, 2003; Mante et al., 2013). In sum, the primate frontal
areas PMd and FEF are involved in organizing goal-directed
behavior including action control, rule-based action selection,
and top-down control of attention.

Whether and where rodents have brain areas homologous to
the primate PFC is an unsettled matter (Carlén, 2017; Laubach
et al., 2018). This issue is particularly controversial for the
dorsolateral PFC, which has been linked to high-level executive
function in primates (Miller, 2000). The rodent frontal cortex
lacks granular regions, which were originally used to define the
primate PFC and receive inputs from sensorimotor areas more
extensively than the primate PFC (Carlén, 2017; Laubach et al.,
2018). Nevertheless, the rodent frontal regions that are often
referred to as the medial PFC show some similarity to the primate
medial frontal areas: the rodent medial PFC receives inputs from
the mediodorsal thalamic nucleus and shows cytoarchitecturally
robust subdivisions similar to the primate medial frontal areas
(Schaeffer et al., 2020). Despite this similarity, however, the
functional connectivity of the medial frontal areas with other
brain areas diverges between the two species. Thus, it remains
to be determined to what extent the rodent medial frontal areas
resemble the primate medal frontal areas.
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Notwithstanding the above caveat, the dorsal part of the
rodent medial frontal areas includes part of a region referred to
as the M2, which shows similar, albeit not identical, anatomical
connections and electrophysiological properties as the primate
PMd and FEF (Barthas and Kwan, 2017; Ebbesen et al., 2018).
First, in rats, the M2 frontal orienting field (FOF) very closely
resembles the primate FEF (Erlich et al., 2011). Intracortical
microstimulation of the rat FOF leads to orienting motions
(Sinnamon and Galer, 1984). Unilateral lesions or inactivation
of the FOF impairs contralateral orienting responses (Cowey and
Bozek, 1974; Hanks et al., 2015; Kopec et al., 2015). Furthermore,
the FOF neurons have delay period activity that predicts the
direction of the upcoming orienting motion in a memory-guided
orientation task (Erlich et al., 2015; Kopec et al., 2015). Similar
to the rat FOF, Itokazu et al. (2018) found that neurons in
the mouse M2 encode the direction of upcoming saccades, and
optogenetic suppression of the M2 neurons impairs contraversive
saccades. Second, the rodent M2 exhibits functional similarities
to the primate PMd as well; lesion of the rat M2 impairs
conditional sensorimotor associations (Passingham et al., 1988),
indicating that this area is also important for abstract rule-
based action selection. Related to this rule-dependent action
selection, the rat M2 has also been implicated in choice-outcome-
dependent reinforcement learning (Sul et al., 2011). Lastly,
mirroring the primate PMd and FEF, the M2 forms reciprocal
connections with the PPC.

Given the functional and anatomical similarities between
the rodent M2 and the primate PMd/FEF, the current review
addresses the question of what information is transmitted from
the frontal to the parietal areas, focusing on the rodent M2
and the primate PMd/FEF. One of the first rodent studies that
directly examined this question is the aforementioned study by
Itokazu et al. (2018). They recorded the axonal activity of M2
neurons projecting to the PPC in mice and found that the general
population of M2 neurons encodes both the visual stimulus and
movement target information in a mixed manner, similar to the
general population of PPC neurons (top histogram in Figure 2).
However, M2 neurons projecting to the PPC predominantly
encode the movement target information (right histogram in
Figure 2), in stark contrast to the PPC neurons projecting to
the M2, which preferentially encode the stimulus information
(left histogram in Figure 2). That is, the M2 sends motor target
information to the PPC.

The explicit purpose of the motor target information flow
from the M2 to the PPC has yet to be characterized, but
decades of primate research offer some compelling hypotheses.
Research has shown that intracortical microstimulation of the
FEF in macaques activates the LIP in the PPC and visual areas,
consistent with the anatomical connectivity (Ekstrom et al.,
2008). Furthermore, this microstimulation could enhance the
response of neurons in visual areas and the subject’s performance
in attention-demanding visual search tasks, mimicking the effect
of top-down attention (Noudoost et al., 2010). Analogously,
mouse studies have demonstrated that top-down projection
neurons from the M2 or adjacent cingulate region to primary
sensory areas modulate the sensory-driven neural response
and sensory perception (Zhang et al., 2014; Manita et al., 2015;

Nelson and Mooney, 2016). These findings suggest that frontal
areas may provide top-down signals that regulate sensory
processing in a context-dependent manner.

Intriguingly, perceptual enhancement can also occur for
sensory stimuli at planned movement targets, indicating a link
between movement planning and attention processing (Baldauf
and Deubel, 2008). Thus, one potential role of the motor target
information flow from the M2 to the PPC might be related to
allocating spatial attention to the planned movement target via
the PPC. Although motor-target associated attention deployment
has not been explicitly tested in mice, ample evidence indicates
that body movement greatly modulates neuronal activity across
whole brain regions and enhances stimulus responses of neurons
in the primary visual cortex (Niell and Stryker, 2010; Musall et al.,
2019). Moreover, neuronal responses to the same stimulus vary
depending on the type of future movement (Poort et al., 2015).
Thus, it seems plausible that movement plans influence sensory
responses and perception in mice as well.

In addition to attention processing, the PPC has been
implicated in various other functions that may utilize motor
target information originating from the frontal areas (Andersen
et al., 2010). Such functions in primates include the spatial
control of movement, hand-eye coordination to see where to
reach, working memory to preserve motor target information
during a delay period, and forward models to predict the sensory
state of body parts using efference copy and sensory feedback
for efficient feedback control (Mulliken et al., 2008; Hwang
et al., 2012, 2014; Hart and Huk, 2020). Given the variety of
potential functions, frontoparietal connectivity that relays the
top-down motor target information may also be organized in
multiple parallel pathways, each serving different functions such
as attention, multi-body part coordination, and forward models
(downward arrows in Figure 2). Testing this hypothesis will
require establishing behavioral paradigms to characterize each of
these spatial functions in mice and examining the information
flow from the M2 to the PPC during behavioral tasks.

CANONICAL INFORMATION FLOWS IN
THE FRONTOPARIETAL NETWORK

Based on the recently identified pathway-specific information
flows in mice and extensively characterized neural response
properties in primates, we propose the following canonical
organization of information flows in the frontoparietal network
(Figure 2). The parietofrontal pathway relays bottom-up target
information for sensory-driven reflexive movement, while the
frontoparietal pathway relays top-down target information that
is cognitive rule-based. The reflexive motor plan originating from
the parietofrontal pathway may be endorsed or suppressed in the
frontal areas that compute proper motor plans based on abstract,
contextual rules. The endorsed reflexive or alternative motor
plan in the frontal areas drives motor programs in the frontal
motor areas. This frontal motor plan is also sent to the PPC so
that it may be used for other functions requiring motor plan
information such as attention, multi-body part coordination,
and forward models (Andersen et al., 2010). Furthermore, the
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motor plan might be maintained as working memory through
the reciprocal recurrent connectivity between the PPC and
frontal areas for delayed execution (Salazar et al., 2012; Murray
et al., 2017; Hart and Huk, 2020). Lastly, internally generated
preferred motor plans in the PPC may also take advantage of
the parietofrontal pathway to prime the frontal motor circuit
to initiate motor programs for preferred movements (Hwang
et al., 2019). This canonical computational architecture presents a
number of testable hypotheses described in earlier sections, which
can further delineate the circuit mechanisms and information
processing in the frontoparietal network for a wide range of
cognitive functions underlying goal-directed behavior.

FRONTOPARIETAL NETWORK IN
ALZHEIMER’S DISEASE

Dysfunction of the frontoparietal network could underlie many
neurological/neuropsychological diseases including Alzheimer’s
disease (AD). The role of the frontoparietal network has
been underappreciated in AD; traditionally, AD pathology
has been characterized as neurodegeneration in the medial
temporal structures (e.g., hippocampus, entorhinal cortex) and
memory impairments have been the most representative AD
symptoms. However, recently AD symptoms in sensory and
motor systems began to gain more and more attention (Albers
et al., 2015). Two lines of evidence below suggest that alterations
in the frontoparietal network may play crucial roles in AD
symptomology, and we propose that studying the long-range
connections in this network in AD mouse model is an attractive
future direction.

First, the neuropathology of AD (i.e., deposition of amyloid
β peptide and neurofibrillary tangles) is frequently observed in
the sensory and frontal areas at an early disease phase prior
to cognitive decline (Thal et al., 2002; McKee et al., 2006;
Palmqvist et al., 2017), in some cases earlier than medial temporal
structures. Similarly, AD patients in early phases of AD exhibit
deficits in key cognitive functions that involve the frontoparietal
network such as attention (Perry and Hodges, 1999), motor
planning (Manckoundia et al., 2006), and sensorimotor behaviors
(Albers et al., 2015).

Second, AD is increasingly viewed as a disconnection
syndrome, where the long-range cortical interactions are
impaired (Delbeuck et al., 2003). The evidence supporting
this view derives from human fMRI studies demonstrating
a reduction in functional connectivity in the frontoparietal
network in AD patients (Greicius et al., 2004; Sorg et al.,
2007; Zhao et al., 2018). Reduced functional connectivity has
been reported even in prodromal-stage AD patients who exhibit
amyloid β deposition without experiencing cognitive deficits
(Hedden et al., 2009; Stam et al., 2009; Sanz-Arigita et al., 2010;
Sheline et al., 2010a,b; Brier et al., 2012; Sheline and Raichle,
2013; Palmqvist et al., 2017), and has been replicated in AD
model mice (Bero et al., 2012; Busche et al., 2015). The reduced
functional connectivity is such a reliable and general feature of
AD that it has been proposed as a biomarker for the disease
(Balthazar et al., 2014).

It is reasonable to speculate that the reduced functional
connectivity in AD patients might reflect impaired long-range
connectivity (Honey et al., 2007; Bressler and Menon, 2010).
Yet, the functional connectivity in AD patients so far has been
inferred only from temporal correlations of fMRI signals that
reflect the complex, collective metabolic activity of thousands
of neurons including both long-range projection and local
neurons (Logothetis et al., 2001; Glover, 2011). Furthermore,
altered temporal correlations could arise from changes in
indirect anatomical connections between cortical areas, whether
or not their direct connections are altered. Thus, the circuit
mechanisms underlying the observed functional connectivity
in AD patients remain to be revealed. Future work that
combines in vivo imaging and cell-type-specific labeling of
monosynaptic long-range inputs, as discussed above, will provide
key information regarding the relationship between reduced
functional connectivity and the cognitive and goal-directed
behavior deficits in AD.

DISCUSSION

The frontoparietal network might have evolved from the
pressure to support goal-directed behavior, allowing context-
dependent flexible association and temporal separation between
sensory stimuli and motor responses. The parietofrontal
pathway transmits bottom-up sensory-driven information to
drive automatic or default responses similar to reflexes. The
bottom-up responses can be enforced, temporarily withheld, or
canceled in context-dependent manners through interaction with
the frontal areas specialized for the computation of cognitive
rule-based responses. The frontoparietal pathway transmits
cognitively processed responses so that it can be used by the
parietal areas specialized for spatial information processing for
attention allocation, multi-body part coordination, and forward
models. We hope this canonical scheme of parallel information
flows in the frontoparietal network provides holistic insights into
the dynamic information processing in this network and guides
future research delineating the computational hierarchy and
supporting circuit mechanisms in a systematic way. Furthermore,
a detailed understanding of the frontoparietal network can shed
light on the neural basis of impaired goal-directed behavior in
various neurological and psychiatric disorders including AD.
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