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The Zona Incerta Regulates Communication between the
Superior Colliculus and the Posteromedial Thalamus:
Implications for Thalamic Interactions with the Dorsolateral
Striatum
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There is uncertainty concerning the circuit connections by which the superior colliculus interacts with the basal ganglia. To address this
issue, anterograde and retrograde tracers were placed, respectively, into the superior colliculus and globus pallidus of Sprague-Dawley
rats. In this two-tracer experiment, the projections from the superior colliculus terminated densely in the ventral zona incerta (ZIv), but
did not overlap the labeled neurons observed in the subthalamic nucleus. In cases in which anterograde and retrograde tracers were
placed, respectively, in sensory-responsive sites in the superior colliculus and posteromedial (POm) thalamus, the labeled projections
from superior colliculus innervated the ZIv regions that contained the labeled neurons that project to POm. We also confirmed this
colliculo–incertal–POm pathway by depositing a mixture of retrograde and anterograde tracers at focal sites in ZIv to reveal retrogradely
labeled neurons in superior colliculus and anterogradely labeled terminals in POm. When combined with retrograde tracer injections in
POm, immunohistochemical processing proved that most ZIv projections to POm are GABAergic. Consistent with these findings, direct
stimulation of superior colliculus evoked neuronal excitation in ZIv and caused inhibition of spontaneous activity in POm. Collectively,
these results indicate that superior colliculus can activate the inhibitory projections from ZIv to the POm. This is significant because it
suggests that the superior colliculus could suppress the interactions between POm and the dorsolateral striatum, presumably to halt
ongoing behaviors so that more adaptive motor actions are selected in response to unexpected sensory events.
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Introduction
We recently reported that the parafascicular (Pf) and posterome-
dial (POm) nuclei have distinct anatomical and physiological

properties (Alloway et al., 2014). Thalamostriatal projections
from Pf innervate both the dorsomedial and dorsolateral stria-
tum, but those from POm innervate only the dorsolateral stria-
tum (DLS). Furthermore, simultaneous recordings in both
nuclei indicate that POm adapts slowly, whereas Pf adapts rapidly
during repetitive somesthetic stimulation.

Consistent with these distinctions, Pf and POm are activated
by different sources. The Pf nucleus is activated by inputs re-
ceived from the superior colliculus (Grunwerg and Krauthamer,
1992), which coordinates the neural circuits that mediate re-
sponses to unexpected stimuli (Sparks, 1986; Comoli et al., 2003;
Cohen et al., 2008). This is significant because the collicular pro-
jections to Pf could be responsible for executing specific aspects
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Significance Statement

By demonstrating that the zona incerta regulates communication between the superior colliculus and the posteromedial thala-
mus, we have uncovered a circuit that partly explains the behavioral changes that occur in response to unexpected sensory stimuli.
Furthermore, this circuit could explain why deep brain stimulation of the zona incerta is beneficial to patients who suffer from
Parkinson’s disease.
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of this behavioral function (Grunwerg and Krauthamer, 1990,
1992).

By comparison, POm receives inputs from the trigeminal nu-
clei and sensorimotor cortex (Veinante et al., 2000; Alloway et al.,
2003). Synchronous inputs from these sources increase POm re-
sponsiveness (Groh et al., 2014), which could contribute to the
slow adaptation observed in POm. Slowly adapting responses
also appear in the DLS (Mowery et al., 2011), which receives most
of its thalamic input from POm (Smith et al., 2012) and relies on
stimulus–response (S–R) associations to mediate well learned be-
havioral routines (Graybiel, 2008; Redgrave et al., 2010b; Balleine
and O’Doherty, 2010).

These facts and other evidence indicate that thalamostriatal pro-
jections from Pf and POm have opposing functions with respect to
using sensory information to modulate striatal processing. Whereas
POm projections to DLS convey sensory information that mediates
S–R associations, activation of Pf causes a pause in striatal processing
that could interrupt an ongoing behavior so that a new one is se-
lected (Ding et al., 2010; Thorn and Graybiel, 2010). If this view is
correct, then collicular activation of Pf should be accompanied by
concomitant inhibition of POm.

The superior colliculus does not project directly to POm, but
it innervates the zona incerta (ZI), which contains GABAergic
neurons that project to POm (Barthó et al., 2002; Mitrofanis,
2005). Consistent with this, focal lesions in ZI enhance POm
responsiveness to somesthetic stimulation, presumably by de-
stroying the inhibitory projections from ZI (Trageser and Keller,
2004; Lavallée et al., 2005). However, no study has demonstrated
that activation of the superior colliculus causes excitation of ZI or
inhibition of POm. Furthermore, the influence exerted by the
superior colliculus on ZI has been questioned by reports asserting
that the superior colliculus projects mainly to the subthalamic
nucleus (STN), which lies ventral to the ZI (Coizet et al., 2009;
Redgrave et al., 2010a).

Determining that the superior colliculus activates ZI and
causes inhibition of POm would suggest that these circuit con-
nections have a role in regulating the POm–DLS interactions that
mediate well learned behavioral routines. This is clinically signif-
icant because it could explain why deep brain stimulation of ZI
alleviates some symptoms in Parkinson’s disease (PD), as well as
essential tremor (Plaha et al., 2008; Sun et al., 2008; Blomstedt et
al., 2012; Caire et al., 2013). Therefore, we used anatomical trac-
ing along with neuronal recording and stimulation techniques to
determine whether collicular activation of ZI can suppress neu-
ronal activity in POm.

Materials and Methods
Experiments were performed on adult male Sprague-Dawley rats
(Charles River Laboratories) weighing 250 – 400 g. All methods followed
NIH guidelines and were approved by the Institutional Animal Care and
Use Committee at Pennsylvania State University.

Surgery. Anesthesia was induced by an intramuscular injection of ket-
amine HCl (40 mg/kg) and xylazine (12 mg/kg). Each rat received intra-
muscular injections of atropine methyl nitrate (0.5 mg/kg) to limit
bronchial secretions, dexamethasone sodium phosphate (5 mg/kg) to
reduce brain swelling, and enrofloxacin (2.5 mg/kg) to prevent infection.
The trachea was intubated through the oral cavity before placing the rat
in a stereotaxic instrument and ventilating it with oxygen. Heart rate,
respiratory rate, end-tidal carbon dioxide, and blood oxygen were mon-
itored during surgery (Surgivet capnograph, model V90041). Body tem-
perature was regulated by a rectal probe attached to a homeothermic
blanket on the dorsal side of the animal while it lay on a water pad set to
37°C. Ophthalmic ointment was placed on the eyes to prevent corneal
desiccation. Bupivacaine was injected at multiple sites in the scalp, the

cranium was exposed, and craniotomies were made over the cerebellum
for a ground connection and over frontal cortex to acquire an electrocor-
ticographic (ECoG) record.

Additional craniotomies were made for neuronal recordings and
tracer injections in multiple brain regions. Relative to bregma, cranioto-
mies were made to access the globus pallidus (0.8 –1.0 mm caudal, 5.25
mm lateral), caudal POm (3.6 – 4.2 mm caudal, 2.4 –2.8 mm lateral), ZI
(3.6 – 4.4 mm caudal, 2.3–3.3 mm lateral), and superior colliculus (5.9 –
6.5 mm caudal, 0.50 –2.4 mm lateral) as indicated by the atlas of Paxinos
and Watson (2005).

Extracellular neuronal recordings. Neurons were recorded in POm, ZI,
or SC by a tungsten electrode or by a pipette filled with either hypertonic
saline or a tracer that could be expelled iontophoretically. A SciWorks
data acquisition system (v6.0, DataWave Technologies) was used to dis-
play ECoG signals recorded from frontal cortex to indicate the depth of
anesthesia. A color-coded fast Fourier transform of ECoG activity was
displayed on-line during surgery and subsequent neuronal recordings to
visualize changes in cortical frequencies. As ketamine and xylazine were
metabolized, the power spectra gradually shifted from 1 Hz to 5– 6 Hz,
which indicates a lightly anesthetized state in which the animal is still
unconscious (Friedberg et al., 1999). To prevent wakefulness, the rat was
continuously ventilated with isoflurane (0.75–1.25%) for the rest of the
procedure.

Electrodes were advanced vertically through the brain to reach POm
(4.9 –5.6 mm ventral), ZI (6.8 –7.2 mm ventral), or the superior collicu-
lus (3.2–5.0 mm ventral). In these regions, neuronal discharges were
recorded during whisker deflections or visual stimulation to determine
the sensory modality of the recorded neurons. Neuronal discharges were
amplified, filtered (300 –3000 Hz), and monitored with an acoustic
speaker and a digital oscilloscope. Trial-based responses were displayed
on-line and stored on a hard disk. Neuronal responses were also replayed
off-line so that discharges could be sorted according to amplitude, width,
and other waveform characteristics. Discharges with a signal-to-noise
ratio of a least 3:1 were time-stamped at a resolution of 0.1 ms and were
displayed as peristimulus-timed histograms (PSTHs). After measuring
the mean rate of spontaneous activity recorded before stimulus onset,
confidence limits were displayed on each PSTH, and sensory-evoked
responses were considered significant if they exceeded the confidence
limits.

Somesthetic and visual stimulation. Whisker deflections were produced
by computer-controlled movements of a Galvanometer taken from a
Grass Polygraph. As in our previous studies (Zhang and Alloway, 2004;
Mowery et al., 2011; Smith et al., 2012), a window screen attached to the
tip of the Galvanometer’s ink pen was positioned so that multiple whis-
kers, clipped to a length of 15–20 mm, protruded through the screen by
8 –12 mm. A digital waveform generator (ArbStudio by LeCroy) con-
trolled the Galvanometer, and each trial contained a sequence of 50 ms
stimuli in which the whiskers were deflected caudally for 25 ms and then
the Galvanometer returned to the original position in the next 25 ms. In
some cases, these pulse-like whisker deflections were followed by sinu-
soidal whisker movements presented continuously at 8 Hz for 2 s.

Visual stimulation was administered by a white light source normally
used for imaging intrinsic signals from the surface of the neocortex (HAL
100, Optical Imaging). The light was directed through a pair of optic-
fiber goosenecks positioned 3–5 cm away from each eye. On each
computer-controlled trial, a single 50 ms light flash was administered.

Tracer injections. To detect retrogradely labeled connections, we in-
jected 2% solutions of FluoroGold (FG; H-22845, Fluoro-Chrome)
mixed in 0.9% saline. To detect anterogradely labeled connections, we
used several tracers, including a 10% solution of biotinylated dextran
amine (BDA; D-7135, Invitrogen) in 0.01 M PBS, a 10% solution of
Fluoro-Ruby (FR; D-1817, Invitrogen) in 0.01 M PBS, or a 10% solution
of AlexaFluor (AF; D-22910, Invitrogen) in 0.01 M PBS. Both FR and AF
were pressure ejected from 2 �l Hamilton microsyringes in volumes
ranging from 150 to 400 nl. Solutions of FG and BDA were iontophoreti-
cally expelled from the micropipette by using positive current pulses of
2–5 �A applied for 15–25 min at each site. For some experiments, a
mixture of FG and BDA was iontophoretically ejected from a single pi-
pette to reveal the afferent and efferent connectivity of physiologically
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defined sites in ZI. Retention currents (�10 �A) were always applied to
FG and BDA solutions to prevent unwanted tracer leakage along the
trajectory of the pipette.

The retrograde tracer FG was injected into the external globus pallidus
(GP) at depths of 5.5–5.8 mm (using a 25° angular approach within the
coronal plane) or into the POm at depths of 4.9 –5.6 mm. Anterograde
tracers were injected either into visually responsive parts of the medial
superior colliculus (0.5–1.0 mm lateral and 6.1– 6.4 mm caudal to
bregma) or into whisker-sensitive parts of the lateral superior colliculus
(2.0 –2.4 mm lateral and 6.1– 6.4 mm caudal to bregma). The visual and
somesthetic sites in superior colliculus were located, respectively, 3.2–3.8
mm and 3.5–5.0 mm ventral to the pial surface. Tracers were injected
into ZI at sites located 2.5–3.0 mm lateral and 3.5– 4.0 mm caudal to
bregma, and 6.8 –7.2 mm ventral to the pial surface.

Following tracer injections, the skin was sutured and treated with
antibiotic ointment. Each animal received additional doses of atro-
pine, dexamethasone, and enrofloxacin. Animals were returned to
single-housed cages for a 7–10 d survival period to allow for tracer
transport.

Superior colliculus stimulation. A small craniotomy was made over the
superior colliculus and a micropipette syringe fitted with a glass pipette
(Hamilton) was lowered through the craniotomy to inject 800–1200 nl of
AAV1.CamKIIa.hChR2(H134R)-eYFP.WPRE.hGH(Addgene26969P, Penn
Vector Core) at a rate of 60 nl/min. Approximately 10 weeks after injecting
the adeno-associated virus (AAV) to induce ChR2 expression, the rat was
used in a lightly anesthetized preparation (see Surgery). An optrode consist-
ing of an optic fiber (400 �m core, 0.39 NA, Thor Labs) attached to a tung-
sten electrode was inserted through the craniotomy and was slowly advanced
toward the superior colliculus. The tungsten electrode extended 300 �m
beyond the tip of the optic fiber, which was connected to a patch cable that
transmitted blue light from a laser (100 mW, 473 nm, Opto Engine). As the
optrode was advanced, 50 ms blue light pulses were administered at 2 Hz to
evoke extracellular discharges from the ChR2-infected neurons in the supe-
rior colliculus.

When light-evoked discharges were encountered in the superior col-
liculus, a second electrode consisting of a saline-filled pipette was ad-
vanced through a second craniotomy above ZI. The electrode was slowly
advanced toward ZI while 50 ms pulses of blue light were flashed in the
superior colliculus. Upon encountering optically evoked responses in ZI,
the electrode position was adjusted to improve the isolation of the extra-
cellular discharges.

For electrical stimulation experiments, a concentric bipolar electrode
(FHC) was placed in the superior colliculus while a recording electrode
was lowered into POm. To maintain the rat in a stable, lightly anesthe-
tized plane (0.75% isoflurane), gooseneck manipulators (Flexbar) were
clamped to a pair of large screws embedded in dental cement that covered
small machine screws fixed into the cranium at the occipital ridge. The
stereotaxic ear bars were removed after the head was held stationary by
the gooseneck manipulators. Removing nociceptive activation of the ex-
ternal auditory meatus facilitated spontaneous firing in POm and al-
lowed detection of inhibition. After isolated neurons were encountered
in POm, the superior colliculus was electrically stimulated with five 1 ms
duration biphasic pulses (ranging from 200 –500 �A) administered over
a 10 ms period (i.e., at 500 Hz).

Histology. Each rat was deeply anesthetized with intramuscular injec-
tions of ketamine (80 mg/kg) and xylazine (6 mg/kg), and then was
perfused transcardially with heparinized saline, 4% paraformaldehyde,
and 4% paraformaldehyde in 10% sucrose. The brain was removed and
stored in 4% paraformaldehyde with 30% sucrose in a refrigerator for
3–5 d. Before sectioning, the cerebellum and olfactory bulbs were re-
moved. In some rats, only one hemisphere was sectioned; in others, both
hemispheres were sectioned simultaneously after a narrow slit was made
in the left hemisphere to indicate the correct left–right orientation. A
freezing microtome was used to cut each brain into serially ordered 60-
�m-thick sections that were placed in 0.1 M PBS.

In cases in which animals were used for neuronal tracing, a 1-in-2 or
1-in-3 series of sections were processed and mounted onto gel-dipped
slides in serial order. The first series, used to visualize cytoarchitecture,
was either stained with thionin or processed for the presence of cyto-

chrome oxidase (Land and Simons, 1985). A second series, used for
visualizing fluorescent tracers (i.e., FR, FG, AF), did not undergo any
histochemical processing. In most cases, a third series was used to visu-
alize BDA labeling (Kincaid and Wilson, 1996; Smith et al., 2012). The
BDA-labeled sections were briefly agitated in 0.3% H2O2 and then placed
in 0.1 M PBS with 0.3% Triton X-100, pH 7.4, before incubating them for
2– 4 h in an avidin-biotin horseradish peroxidase solution (Vector No-
vocastra Laboratories). After rinsing sections in PBS, the tracer was visu-
alized with 0.05% diaminobenzidine (DAB), 0.005% H2O2, 0.04%
NiCl2, and 0.04% CoCl2 in 0.1 M Tris buffer, pH 7.2, for 9 –12 min. The
DAB reaction was stopped by subsequent washes in PBS. Mounted sec-
tions in each series were dehydrated in ethanol, defatted in xylene, and
coverslipped with cytoseal.

GAD processing. To visualize neurons in ZI that contained GABA,
coronal sections were processed for glutamic acid decarboxylase (GAD)
using procedures adapted from previous reports (Oostland et al., 2011;
Aligny et al., 2014). The sections were rinsed in 0.1 M PBS for 20 min
before being placed in a PBS-based blocking solution that contained 0.3
M glycine, 5% goat serum, 1% bovine serum albumin, and 0.1% Triton
X-100, pH 7.4, at room temperature for 1 h. Sections were then incubated
overnight with polyclonal rabbit anti-GAD 65/67 antibody (1:250,
ab49832, Abcam) diluted in PBS at 4°C. Sections were rinsed in PBS for
20 min before being placed in DyLight 488 anti-rabbit IgG (1:250, Vector
Laboratories) secondary antibody diluted in blocking buffer for 1 h at
room temperature. Sections were then rinsed with PBS, defatted with
xylene, and coverslipped. High-resolution fluorescent images were ac-
quired using a Fluoview 1000 laser-scanning confocal imaging system
(Olympus Optical).

Anatomical analysis. We used an Olympus BH-2 microscope equipped
for fluorescent microscopy to reconstruct anterograde and retrograde
labeling. An Accustage plotting system was used to plot labeled cell bod-
ies and axonal varicosities relative to well known anatomical landmarks.
The BDA-labeled terminals were viewed in bright-field illumination, and
fluorescent-labeled soma and terminals were visualized using a TRITC
filter (41002; Chroma Technologies). Axonal varicosities were plotted
because these represent en passant synapses (Voigt et al., 1993; Kincaid
and Wilson, 1996; Meng et al., 2004). Anatomical landmarks and tracer
labeling were also photographed by a Retiga EX CCD digital camera
(Q-imaging) mounted on the microscope.

A module in the Accustage software was used to quantify terminal-
soma overlap in ZI for those cases in which a retrograde tracer deposit in
POm was paired with a tracer injection in the superior colliculus. Plotted
reconstructions were subdivided into 50 �m 2 bins as in our previous
reports (Smith and Alloway, 2010, 2013). Each bin with at least one
FG-labeled soma was colored gold, those with two or more FR-labeled
varicosities were colored red, and those with an FG-labeled cell and at
least two FR-labeled varicosities were colored white.

Results
Data were obtained from a total of 35 rats. In three rats, the
tracers FG and BDA were injected into the globus pallidus and
SC, respectively, to visualize the specificity of collicular projec-
tions to STN or ZI. In 18 rats, an injection of FG in POm was
paired with one or two anterograde tracer injections in superior
colliculus to determine whether the superior colliculus inner-
vates ZI regions that project to POm. In seven rats, physiologi-
cally defined parts of ZI were injected with a combined solution
of FG and BDA to confirm the input– output connectivity of ZI.
In the remaining seven rats, we activated the superior colliculus,
either optogenetically or with conventional electrical stimula-
tion, while recording neuronal responses in ZI or POm.

Nonoverlapping connections of the superior colliculus and
globus pallidus
In three rats, we injected anterograde and retrograde tracers, re-
spectively, into the superior colliculus and lateral GP. The STN
has both afferent and efferent connections with the lateral GP
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(Kita and Kitai, 1987; Groenwegen and Berendse, 1990), and we
conducted these paired tracer experiments to determine whether
projections from the superior colliculus terminate in the STN as
defined by its connectivity with the GP.

As shown in Figure 1, we used a BDA-filled pipette to record
whisker-responsive neurons in the intermediate and deep layers
of the lateral superior colliculus. After recording responses to
repetitive whisker deflections, the tracer was iontophoretically
injected at the recording site (Fig. 1A,B). This is the same region
that was injected with anterograde tracers in previous studies that
reported collicular projections to STN (Tokuno et al., 1994;
Coizet et al., 2009; Redgrave et al., 2010a).

Subsequently, FG was placed in the lateral GP to reveal retro-
gradely labeled neurons in STN. Using stereotaxic coordinates
(Paxinos and Watson, 2005), FG was iontophoretically ejected
into the center of the lateral GP (see Fig. 1C). Although the tracer
diffused across a wide expanse of the lateral GP, it did not enter
the striatum or surrounding regions (Fig. 1C�).

As indicated by Figure 1D, the STN is easily recognized in
coronal sections processed for cytochrome oxidase (CO). In con-
trast to ZI, which contains moderate concentrations of CO in its
ventral tier, STN is noticeably darker and is located immediately
above the cerebral peduncle, which is completely devoid of CO.

In alternate sections processed for BDA, the labeled projec-
tions from superior colliculus terminated mainly in ZIv, which
lies above STN (Fig. 1D�). A few BDA-labeled terminals entered
STN, but these were diffusely scattered along its dorsal edge and
did not form any dense patches. Although BDA is transported
primarily in the anterograde direction, some BDA-labeled neu-
rons were observed in ZIv, which is consistent with known pro-
jections from ZI to the superior colliculus (Mitrofanis, 2005). In
no instance, however, did we ever observe any retrogradely la-
beled neurons in STN after placing BDA in the superior collicu-
lus.

In sections processed for BDA, we were able to use fluorescent
microscopy to visualize the FG-labeled neurons in STN. In all
cases, dense aggregates of FG-labeled neurons appeared in the
STN region marked by high concentrations of CO in adjacent
sections (Fig. 1, compare D, D�). The BDA-labeled terminals and
neurons were also apparent during fluorescent illumination, but
consistent with their location within the ventral ZI, the regions
labeled by FG and BDA were completely separate.

Overlapping connections in the zona incerta
To determine whether the superior colliculus innervates ZI re-
gions that project to POm, anterograde and retrograde tracers
were injected into the superior colliculus and POm, respectively.
In all cases, the retrograde tracer was placed in caudal POm,
which project to DLS (Ohno et al., 2012; Alloway et al., 2014).
Figure 2 (A,B,B�) depicts the location of a FG deposit at a POm
site that responded to whisker stimulation but was unresponsive
to visual stimulation. In the same rat, BDA was placed at a site in
medial superior colliculus that consistently responded to visual
stimulation but not to whisker deflections (Fig. 2C, D, D�).

The BDA-labeled collicular projections terminated in the lat-
eral part of ZIv without encroaching upon the dorsal border of
STN (Fig. 2E–G). This crossed topographic pattern, in which the
medial superior colliculus projects to lateral ZI, was observed in
each of the 12 cases in which an anterograde tracer was placed
medially in collicular regions that responded primarily to light
stimulation.

Consistent with previous work (Lavallée et al., 2005; Alloway
et al., 2014), many ZI neurons were retrogradely labeled after we
injected FG into whisker-sensitive parts of POm. Furthermore,
this ZIv region also received BDA-labeled projections from the
light-sensitive region in the superior colliculus (Fig. 2G). This is a
significant finding because it demonstrates a cross-modal circuit

Figure 1. Superior colliculus projects predominantly to ZIv, not to the STN. A, PSTH showing multiunit responses to whisker deflections recorded by a BDA-filled pipette in the lateral part of the
superior colliculus. Binwidths, 10 ms. B, Deposit of BDA at the site of the neural responses shown in A. C, Section through the globus pallidus (GP) and striatum (St) processed for CO. Note the necrosis
at the tracer injection site (arrow) in GP. C�, Adjacent section through GP shows the widest extent of the FG deposit in GP. D, CO-processed section through ZI and STN. D�, D�, Adjacent section viewed
with conventional and fluorescent illumination indicates that BDA-labeled terminals and cell bodies in ZIv are separate from the FG-labeled cells in STN. Scale bars: B, C, C�, 500 �m; D, D�, D�,
250 �m.
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in which light-responsive sites in superior colliculus project to
ZIv regions that innervate whisker-sensitive sites in POm.

Quantitative analysis of tracer overlap in the zona incerta
In 7 of 18 rats that received tracer deposits in both the superior
colliculus and POm, the tracers were injected at sites that responded
primarily to whisker stimulation. Figure 3 (A,B,B�,B�) illustrates one
case in which FG was placed in POm and FR was injected in the
lateral superior colliculus (C,D,D�,E). Confocal images obtained
from this case indicated that several sites in ZIv were occupied by
FR-labeled terminals that overlapped the FG-labeled soma (Fig.
3G,G�,G�).

The locations of labeled cells and terminals were plotted and
reconstructed as shown in Figure 4 (A–C). Each reconstructed sec-
tion was subdivided into a grid of 50 �m2 bins, and each bin was
color-coded by whether it contained labeled neurons (gold), labeled
terminals (red), or both labeled neurons and terminals (white). Fig-
ure 4 (A�–C�) indicates that the proportion of bins that contained
both tracers varied across sections, but appeared to be greatest in ZIv.

To quantify the regional distribution of labeling, all plotted cells
and terminals in the subthalamic region were counted and classified

according to their location in STN or in the dorsal, ventral, rostral,
and caudal sectors of ZI. The regional subdivisions of ZI were de-
fined by the presence of CO and other anatomical landmarks as
depicted in other publications (Paxinos and Watson, 2005; Watson
et al., 2014). The number of 50 �m2 bins that contained both labeled
cells and terminals were counted and classified by their location in
the different sectors of ZI. Because the amount of labeling varied
across individual cases according to the spatial extent of the tracer
injections, for each rat we normalized the data by expressing the
labeling in each region as a proportion of the total amount of labeling
across all subthalamic regions.

The regional distributions of labeled terminals, labeled cells, and
labeled overlap are presented in Figure 5. On average, the STN re-
ceived �2% of the labeled projections from the superior colliculus,
but did not contain any labeled cells that project to POm (Fig. 5A,B).
By contrast, ZIv contained nearly one-half of the plotted terminals
and slightly more than one-half of the plotted cells. Consequently,
most tracer overlap, in which two labeled terminals were in the same
bin as a labeled neuron (i.e., terminal-somal overlap), was observed
in ZIv. An ANOVA indicated a significant regional effect for each
distribution depicted in Figure 5 (F � 20.8, p � 0.0001 for all anal-

Figure 2. Light-responsive region in superior colliculus projects to ZIv region that innervates whisker-responsive region in POm. A, PSTH shows whisker-induced multiunit responses recorded in
POm by an FG-filled pipette. This site did not respond to a 50 ms light flashed in both eyes. B, Section through POm indicates necrosis at the FG deposit marking the whisker-responsive site in A. B�,
Same section under fluorescent illumination shows extent of the FG deposit. C, Multiunit responses to visual light flash recorded in the medial superior colliculus by a BDA-filled pipette. Neurons at
this site responded weakly to whisker stimulation. D, CO-processed section of the recording site (arrow) in the medial superior colliculus. D�, Adjacent section shows the BDA deposit marking the
light-responsive site in C. E, CO-processed section through ZI and STN. Inset indicates region displayed in F. F, Adjacent section shows BDA-filled cells and terminals in upper part of ZIv. Inset indicates
the region displayed in G. G, Fluorescent illumination at high-magnification reveals BDA-labeled terminals intermingled with FG-labeled neurons in ZIv. Arrows indicate same blood vessels in F and
G. Scale bars: B, B�, D, D�, E, 500 �m; F, 250 �m; G, 100 �m.
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yses). The amount of tracer overlap was significantly greater in ZIv
than in any other sector (paired t tests � 4.5, p � 0.01 for all com-
parisons), but there were no differences between ZIr, ZId, and ZIc.

Input– output connectivity of ZIv
To characterize the input–output connectivity of ZIv more completely,
we iontophoretically deposited a mixture of FG and BDA into physio-

logically defined sites in ZI of seven rats. Deposits of FG/BDA occupied
multiple zones of ZI or else diffused into surrounding nuclei in four of
the rats, but in the remaining three rats the tracers were confined to ZIv.
Combining FG with BDA increases the retrograde transport of BDA
and permits the use of conventional light microscopy at low-
magnificationssothatwecouldphotographpopulationsoflabeledneu-

Figure 3. Projections from the superior colliculus terminate in ZIv regions that project to POm. A, Whisker deflections at 2 Hz evoke POm multiunit responses recorded by a FG-filled pipette. B,
Section processed for CO shows POm. B�, B�, Adjacent section viewed conventionally and with fluorescent microscopy depicts the FG deposit in POm. C, Multiunit response to whisker deflections
recorded in superior colliculus of the same rat. D, D�, E, Adjacent sections processed (D) and unprocessed (D�, E) for CO depict the neuronal recording site and FR deposit in the intermediate layers
of the superior colliculus. D�, Inset indicates the region shown in E. F, CO-processed section through ZI and STN. Inset indicates the region selected for confocal microscopy in subsequent panels. G,
G�, G�, Confocal images illustrate overlap of FG-labeled neurons and FR-labeled terminals and neurons in ZIv. Blue asterisk indicates the same blood vessel in F. Scale bars: B, D, F, 500 �m; E, 250
�m; G, 50 �m. cp, Cerebral peduncle; fr, fasciculus retroflexus; ml, medial lemniscus; mt, mammilothalamic tract.

Figure 4. Collicular projections overlap the ZI neurons that project to POm. A–C, Reconstructed plots of FG-filled neurons (gold) and FR-labeled terminal varicosities (red) in ZI. Numbers indicate
distance from bregma in millimeters. A�–C�, Overlap analysis of FG-labeled neurons and FR-labeled terminals in ZI, using 50 �m 2 bins. Each panel corresponds to the plotted reconstruction shown
directly above. For the overlap analysis, gold bins contain at least one FG-labeled neuron, red bins contain at least two FR-labeled terminals, and white bins contain at least one FG-labeled neuron
and two FR-labeled terminals. Percentages indicate proportion of white bins. Scale bar, 1 mm. cp, Cerebral peduncle; ml, medial lemniscus; mt, mammilothalamic tract; ot, optic tract.
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rons distributed across broad regions of tissue (Smith et al., 2012;
Alloway et al., 2014).

Figure 6 illustrates a case in which FG and BDA were simul-
taneously ejected at a site in lateral ZIv that responded to

visual stimulation. The tracers occupied an oval-shaped re-
gion that extended �400 �m along the mediolateral axis
of ZI, but they did not diffuse into STN or other nearby
structures.

Figure 5. Normalized distributions of labeling across the subthalamic subdivisions. A, Distribution of plotted terminals produced by anterograde tracer injections in whisker-responsive sites of
the superior colliculus. B, Distribution of plotted cells produced by retrograde tracer injections in whisker responsive-sites in POm. C, Distribution of terminal-soma overlap based on the proportion
of 50 �m 2 bins that contained at least one labeled cell and two labeled terminals.

Figure 6. Afferent and efferent connectivity of a visually responsive region in ZIv. A, PSTH shows neural responses in lateral ZIv to a 50 ms visual light flash recorded by a pipette filled with both
FG and BDA. B, C, BDA deposit at the light-sensitive site recorded in A. D, CO-processed section through the superior colliculus. E, F, Plotted reconstruction and photomicrograph of BDA-labeled
neurons in superior colliculus; rectangle indicates region in F. G, CO-processed section through POm and VPM. H, I, Plotted reconstruction and photomicrograph of BDA-labeled terminal varicosities
in POm; rectangle indicates the region in I. Scale bars: B, D, G, 500 �m; F, 250 �m; C, 100 �m; I, 50 �m. PAG, Periaqueductal gray; VPM, ventroposteromedial; VPL, ventroposterolateral.
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Consistent with other reports of a colliculo–incertal path-
way (Roger and Cadusseau, 1985; Shammah-Lagnado et al.,
1985), the combined injection of FG and BDA revealed a large
number of labeled neurons in the intermediate and deep layers
of the superior colliculus (Fig. 6D–F ). Surprisingly, neuronal
labeling was continuously distributed across a broad expanse
of superior colliculus that extended from sites above the peri-
aqueductal gray to the most lateral part of the superior collicu-
lus. Based on our recordings throughout the superior
colliculus of other experiments, this neuronal labeling ap-
peared to occupy both somesthetic and visually responsive
regions. Neurons recorded at the ZI injection site responded
specifically to light stimulation (manual whisker deflections
did not evoke any response in this case), but some of the
injected tracer diffused medially within ZI and may account
for the retrograde labeling in the lateral superior colliculus.

Deposits of anterograde tracers in ZIv were always accom-
panied by terminal labeling in POm. Figure 6 demonstrates
that the combined BDA/FG tracer deposit in lateral ZIv pro-
duced a dense concentration of BDA-labeled terminals and
varicosities in the lateral POm region that adjoined VPM.
There was no terminal labeling in VPM, however. In fact, as
indicated by our photomicrographs and plotted reconstruc-
tions of labeled varicosities (Fig. 6G–I ), the boundary separat-
ing POm and VPM was practically defined by labeled
terminals concentrated exclusively on the POm side of this
border. The location of these labeled terminals in POm is
consistent with whisker-sensitive POm sites in other studies
(Diamond et al., 1992, Alloway et al., 2003; Smith et al., 2012),
and this indicates that the light-sensitive region in ZIv projects
to whisker-responsive regions in POm.

Figure 7 illustrates the distribution of labeling in superior col-
liculus and POm from another case in which a combination of FG
and BDA was placed in ZIv. In contrast to the case presented in
Figure 6, however, this combined tracer injection was placed
more medially at a ZI site that responded to whisker deflections
but not to visual stimulation. Despite this difference in the func-
tional location of the tracer deposit, the labeling patterns in the

superior colliculus and POm resembled the input– output pat-
terns depicted in Figure 6.

In all three cases in which the FG/BDA deposit was con-
fined to ZIv, the labeled projections terminated throughout
the POm, including both its rostral and caudal portions. This
could be significant because both rostral and caudal POm
receive substantial inputs from the interpolaris trigeminal
subnucleus, whereas the caudal POm also receives additional
inputs from the oralis subnucleus (Veinante et al., 2000). Fur-
thermore, whereas caudal POm projects to both DLS and so-
matosensory (SI) cortex, rostral POm projects to SI cortex, but
not to DLS (Ohno et al., 2012).

GABAergic projections from ZIv to POm
Most neurons in ZIv use GABA as a neurotransmitter (Barthó
et al., 2002), and some data indicate that ZIv exerts an inhib-
itory influence on POm (Trageser and Keller, 2004; Lavallée et
al., 2005). To verify that our tracer injections and recording
sites in whisker-sensitive parts of POm receive GABAergic
projections from ZIv, we placed FG in a whisker-sensitive part
of POm and then processed ZI for the presence of GAD, the
rate-limiting enzyme for GABA synthesis.

As indicated by confocal images in Figure 8, we observed
many FG-labeled neurons in ZIv that were positive for the
presence of GAD 65/67. Most of the FG- and GAD-labeled
neurons appeared in ZIv, and almost all ZI neurons labeled by
FG were also marked by GAD 65/67. Therefore, to the extent
that superior colliculus activates ZI neurons that project to
POm, collicular activation should inhibit neurons in POm.

Influence of collicular activation on ZI and POm
To establish that activation of the superior colliculus can ex-
cite the incertal pathway to POm, we used optogenetic tech-
niques to evoke neuronal activity in the superior colliculus
while recording neuronal responses in ZIv. Because optoge-
netic methods do not activate fibers of passage, which origi-
nate outside the region of ChR2 expression, we could

Figure 7. Afferent and efferent connections of a whisker-responsive region in ZIv. A, PSTH shows neural responses in ZIv recorded by a FG/BDA-filled pipette during whisker deflections
administered at 2, 5, and 8 Hz. B, C, BDA deposit at the site of the whisker-responses recorded in A. Rectangles in B indicate regions in C and D. D, E, Low- and high-power views of BDA-labeled axonal
terminals in POm. D, Inset indicates region in E. F, Thionin-stained section through the superior colliculus. F�, Adjacent section showing the laminar location and spatial extent of BDA-labeled
neurons in the superior colliculus. Scale bars: B, 1 mm; D, F, 500 �m; C, 250 �m; E, 100 �m.
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determine whether selective collicular activation was suffi-
cient to excite neurons in ZIv.

We injected the superior colliculus with an AAV that selec-
tively expresses ChR2 in projection neurons. Figure 9 illustrates
an optogenetic experiment in which we recorded neuronal re-
sponses to whisker stimulation in both the superior colliculus
and ZI before administering a brief train of 50 ms light pulses to
the intermediate layers of the superior colliculus. We tested whis-
ker stimulation to insure that both sites recorded in the superior
colliculus and ZIv responded to the same sensory modality,
thereby increasing the likelihood that they are interconnected by
the colliculo–incertal pathway. In the small sample (n � 7) of
collicular and incertal neuron pairs that were recorded simulta-
neously in these experiments, the mean response latency to whis-

ker stimulation in the superior colliculus and ZIv was 8.2 � 0.5
and 15.5 � 5.5 ms (mean � SEM), respectively.

In two rats we recorded seven neurons in ZIv that responded
to optical stimulation of the superior colliculus. Consistent with
the example in Figure 9, each ZIv neuron was repetitively excited
by the series of light pulses administered to superior colliculus.
Across these cases, the latency of ZIv discharges ranged from 2 to
6 ms after light pulse onset, with a mean latency of 3.0 � 0.5 ms.
Optogenetic stimulation in superior colliculus was also at-
tempted in one other rat, but it failed to evoke neuronal responses
in either the superior colliculus or ZIv of this third case.

In a separate set of rats, the superior colliculus was electri-
cally stimulated while recording spontaneous activity in POm.
Biphasic electrical pulses (1 ms duration) ranging from 200 to

Figure 8. Projections from ZIv to whisker-responsive sites in POm are GABAergic. A, Confocal image of retrogradely labeled neurons in ZIv after placing FG into a whisker-responsive site in POm.
A�, Confocal image of the same stack processed for GABA using an antibody for GAD 65/67. A�, Overlap of FG and GAD fluorescence. White arrows indicate the strongest double-labeled neurons. Scale
bar, 50 �m.

Figure 9. Optical stimulation of superior colliculus evokes neuronal discharges in ZI. A, PSTHs display multiunit responses in the superior colliculus (top) recorded simultaneously with single
neuron discharges in ZIv (bottom) during whisker deflections and optical stimulation (473 nm) of ChR2-expressing neurons in the colliculus. Mean waveform scale: 1 ms, 100 �V. B, B�, Adjacent
sections illustrate the optrode location in the superior colliculus with respect to the laminar organization defined by CO processing and the expression of ChR2 produced by injections of
AAV1.CamKIIa.hChR2(H134R)-eYFP.WPRE.hGH (Penn Vector Core). C, D, Low- and high-power views of the neuronal recording site in ZIv (arrow). Inset indicates the region depicted in D.
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500 �A were applied by a concentric bipolar electrode lowered
to the intermediate layers of the superior colliculus because
our tracing data indicate that these layers are strongly con-
nected with ZIv. We chose electrical stimulation for these ex-
periments to increase the spatial extent of neural activation so
that a broader range of collicular projections to ZIv would be
excited simultaneously.

Spontaneous POm activity was recorded from nine hemi-
spheres in five lightly anesthetized rats during electrical stim-
ulation of the ipsilateral superior colliculus. All POm neurons
were recorded during lightly anesthetized states in which col-
licular stimulation evoked protracted movements of the ipsi-
lateral whiskers. Before collicular stimulation, we established
that each POm neuron either responded to whisker deflections
or was in close proximity (�100 –200 �m) to other POm neu-
rons that responded to whisker stimulation.

After initial experiments testing one or two pulses of bipha-
sic stimulation to activate the superior colliculus, we found
that a train of five 1 ms pulses administered over a 10 ms
interval would reliably evoke significant decreases in POm
spontaneous activity (see Materials and Methods). From a
sample of 27 neurons recorded in POm, electrical stimulation
of the superior colliculus evoked a significant decrease in the
spontaneous activity in 24 of them. In these 24 cases, sponta-
neous activity declined below the 99% confidence limits and
was followed by a significant increase in discharge rate that
also exceeded the 99% confidence limits.

An example of collicular-induced inhibition of POm activ-
ity is illustrated in Figure 10. As indicated by the PSTH, col-
licular stimulation evoked a rapid and significant decrease in
spontaneous activity that persisted for 185 ms. Following this
inhibitory period, the POm neuron displayed a rebound in the
rate of neuronal discharges that exceeded the 99% confidence
limits. In addition, a second period of increased activity fol-
lowed the first peak �150 ms later.

Electrical stimulation of the superior colliculus produced a
reliable pattern of inhibition followed by excitation in POm,
but subsequent changes in neuronal activity varied consider-
ably across the sample of recorded neurons. In some cases,
illustrated in Figure 11A, the sequential phase of inhibition
and excitation was followed by a prolonged inhibitory period
(�2 s) in which the rate of neuronal discharges gradually
returned to the baseline rate. In other cases (Fig. 11B), the
initial sequence of inhibition and excitation was followed by a
short series of oscillations. In some of these instances, the
sequence of valleys and peaks exceeded the confidence limits,
but in other cases, only the excitatory peaks exceeded the con-
fidence limits.

As shown by Figure 11C, the mean population response to
collicular stimulation was dominated by an initial period of
inhibition followed by a rebound of spontaneous activity. To
obtain this population response, we normalized the responses
of all POm neurons by dividing each bin throughout each
individual PSTH by the mean rate of activity in the 2 s period

Figure 10. Electrical stimulation in superior colliculus evokes inhibition of spontaneous activity in POm. A, PSTH from a representative POm recording shows the decrease in spontaneous
discharges immediately after the superior colliculus is stimulated by a train of five 1 ms pulses administered at time 0 (arrow). Dashed lines indicate 99% confidence limits. Mean waveform scales:
1 ms, 100 �V. PSTH: 50 trials, 5 ms binwidths. B, C, Arrows indicate lesions that mark the recording and stimulation sites in POm and superior colliculus.

Figure 11. Representative examples and mean responses of POm neurons to electrical stimulation of the superior colliculus. A, B, PSTHs indicate the changes in activity of two neurons in POm
that displayed prolonged inhibition (A) or oscillations (B) in response to electrical stimulation of the superior colliculus (arrows). Dashed lines indicate 99% confidence limits. Mean waveform scales:
1 ms, 100 �V. C, Mean normalized response of 24 POm neurons. Individual neuronal activity was expressed as a proportion of the mean spontaneous rate before collicular activation, and then the
sum of these normalized responses was averaged. Binwidths, 5 ms.
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before electrical stimulation. Electrical stimulation artifacts
prevented an accurate determination of the latency of inhibi-
tion in POm, but it was apparent that spontaneous activity had
declined significantly by the time that collicular stimulation
had ceased. On average, the subsequent rebound in spontane-
ous activity reached its peak 130 ms after electrical stimulation
had stopped. Because of variations in the subsequent pattern
of activity across our neuronal sample, close examination of
the population PSTH after the first peak reveals small oscilla-
tions in activity that are superimposed on a longer period of
inhibition.

Discussion
This study demonstrates that superior colliculus projects to
ZIv regions that innervate POm. Furthermore, we found that
direct stimulation of superior colliculus causes activation of
ZIv and inhibition of spontaneous activity in POm. By regu-
lating communication between the superior colliculus and
POm, the colliculo–incertal–POm pathway provides a circuit
mechanism by which salient, unexpected sensory events can
inhibit POm–DLS interactions, thereby disrupting DLS pro-
cessing and the execution of ongoing behavioral routines. The
inhibitory projections from ZIv to POm may also account for
clinical data indicating that deep brain stimulation of ZI is
beneficial for treating essential tremor and symptoms associ-
ated with PD (Plaha et al., 2008, 2011; Blomstedt et al., 2012;
Fytagoridis et al., 2012; Caire et al., 2013).

Comparison of collicular and pallidal connections
Some recent studies had reported that the superior colliculus
projects strongly to STN (Coizet et al., 2009; Redgrave et al.,
2010a). Therefore, we injected an anterograde tracer into su-
perior colliculus and a retrograde tracer into globus pallidus to
assess the labeling patterns in STN and surrounding regions.
Contrary to the view that superior colliculus projects to STN,
we observed two separate areas of dense labeling: (1) antero-
gradely labeled projection terminals in ZI, and (2) retro-
gradely labeled neurons in STN. These results support
previous studies that had emphasized STN connections with
the globus pallidus but did not observe any STN connections
with the superior colliculus (Ricardo, 1980; Canteras et al.,
1990).

We examined the labeled collicular projections with respect to
STN boundaries defined by Nissl staining and the presence of
cytochrome oxidase. In the present study and in previous work
(Alloway et al., 2014), we found that placing anterograde tracers
in the superior colliculus consistently produced dense arbors of
labeled terminals in ZI. Sparse terminal labeling was observed
along the dorsal edge of the STN, but it represented only 2% of
total labeling in ZI. Indeed, labeled projections from the superior
colliculus innervated extensive parts of ZI, including regions lo-

cated rostral, caudal, medial, and lateral to the boundaries of
STN.

Collicular projections to the zona incerta
Our data confirm older studies that identified a pathway from the
superior colliculus to ZIv (Roger and Cadusseau, 1985; Shammah-
Lagnado et al., 1985; Kolmac et al., 1998). Furthermore, we observed
a crude topographical organization in which the medial part of the
superior colliculus, which responds preferentially to visual stimula-
tion, projects to the most lateral part of ZIv. The lateral superior
colliculus, by comparison, responds best to whisker deflections and
projects to more medial parts of ZIv.

This topography is consistent with anatomical evidence
suggesting that visual and somesthetic information is trans-
mitted to the lateral and medial parts of ZI, respectively (Ni-
colelis et al., 1992; Power et al., 2001, Shaw and Mitrofanis,
2002). Although one study reported that collicular projections
to ZI do not possess any topographic organization (Kolmac et
al., 1998), that report did not depict any tracer deposits in the
medial superior colliculus. The same study, however, reported
that lateral ZI projects to the medial superior colliculus,
whereas medial ZI projects to the lateral superior colliculus.
By injecting both retrograde and anterograde tracers in widely
separated regions that were physiologically defined, our work
indicates a crossed pattern of reciprocal connections between
ZI and the superior colliculus.

Incertal control of thalamostriatal projections from POm
Our recordings indicate that the extreme lateral ZI responds to
visual stimulation while more medial regions respond to whisker
defections. Despite these functional differences, focal deposits of
BDA/FG into light-sensitive or whisker-sensitive parts of ZIv re-
vealed extensive populations of retrogradely labeled neurons in
the superior colliculus that were coupled with anterogradely la-
beled terminals in POm. When retrograde tracer injections in
whisker-sensitive parts of caudal POm were paired with antero-
grade tracer deposits in superior colliculus, we consistently ob-
served tracer overlap in ZIv regardless of whether we injected
whisker- or retina-sensitive parts of the superior colliculus. We
also found that most FG-labeled neurons in ZIv were associated
with GAD 65/67, which is a GABAergic marker.

Consistent with these findings, direct stimulation of the
superior colliculus caused activation of ZIv and inhibition of
spontaneous discharges in caudal POm. Although caudal
POm has not been thoroughly described, most neurons in that
region are presumed to be thalamocortical projection neurons
that send collateral projections to the DLS (Deschênes et al.,
1995; Ohno et al., 2012). If this view is correct, collicular-
evoked inhibition of caudal POm should inhibit its projec-
tions to DLS.

Figure 12. Circuit connections by which the superior colliculus exerts opposing influences on Pf and POm. Superior colliculus activates Pf while simultaneously activating inhibitory projections
from ZI to POm. Incertal-mediated inhibition of the POm projections to the dorsolateral striatum could disrupt well learned behavioral sequences that comprise sensorimotor habits.
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These findings are significant because the superior collicu-
lus coordinates the neural circuits that redirect attention and
alter behavioral responses to unexpected sensory events (Stein
et al., 2004). Selective optogenetic stimulation of corticotectal
projections from visual cortex causes an immediate arrest of
behavior (Liang et al., 2015), and this is consistent with col-
licular projections to ZIv. Hence, sensory events that activate
the superior colliculus could inhibit POm neurons that project
to DLS. The DLS is essential for executing well learned behav-
ioral routines in a familiar context (Yin et al., 2004, 2006;
Balleine and O’Doherty, 2010), and this function appears to
depend on S–R associations mediated by sensory inputs from
POm and related parts of sensorimotor cortex (Mowery et al.,
2011). Therefore, as part of the circuitry for executing re-
sponses to unexpected sensory events, the colliculo–incertal–
POm pathway provides a mechanism for inhibiting POm–
DLS interactions that facilitate specific S–R behavioral
sequences.

Circuits for activating incertal inhibition
We found that in the lightly anesthetized state, whisker deflec-
tions could evoke neuronal responses in the superior collicu-
lus, ZIv, and POm. However, if the superior colliculus
activates ZIv, then it seems reasonable to predict that POm
neurons should be inhibited by ZIv output. However, this
logic neglects consideration of likely differences in the com-
plex circuit dynamics that transpire in anesthetized and
awake, behaving animals. During conscious behavior, for ex-
ample, projections from sensorimotor cortex to POm and ZI
are likely to play an important role in determining how ZI
regulates POm activity (Urbain and Deschênes, 2007).

In addition to the superior colliculus, ZIv also receives ascend-
ing sensory inputs from the trigeminal nuclei (Williams et al.,
1994). How colliculo-incertal and trigemino-incertal projections
act together to influence the inhibitory output from ZIv is com-
plicated by the presence of intrinsic interconnections within ZIv
that could disinhibit the GABAergic projections to POm in some
circumstances (Power and Mitrofanis, 1999; Urbain and De-
schênes, 2007).

Our small sample of simultaneous neuronal recordings in
ZIv and superior colliculus during whisker deflections indi-
cated that superior colliculus was activated, on average, �7 ms
before neurons in ZIv. We also found that the optogenetic
delay for transmitting information from superior colliculus to
ZIv is �3.0 ms. This suggests that an unexpected whisker
deflection could excite superior colliculus and that the output
of the colliculo–incertal pathway could act synergistically with
the trigeminal projections to ZIv.

Although the precise mechanisms that control incertal in-
hibition of POm during different behavioral states and envi-
ronmental contexts have not been fully elucidated, our results
demonstrate that collicular activation can inhibit POm activ-
ity. This is significant because the superior colliculus is impor-
tant for coordinating the neural circuits that enable the
behavioral changes and redirection of attention that occur in
response to unexpected sensory events (Stein et al., 2004).

Thalamostriatal circuit mechanisms
As portrayed in Figure 12, there are parallel projections from the
superior colliculus that could work together to halt an ongoing be-
havior so that more appropriate responses are selected. In addition
to the colliculo–incertal–POm pathway, the superior colliculus proj-
ects to the Pf thalamic nucleus (Krout et al., 2001; Alloway et al.,

2014). In brain slices, stimulation of the intralaminar thalamic nuclei
activate cholinergic interneurons in the dorsal striatum, which leads
to a burst-pause response and subsequent increases in the output of
the indirect striatal–pallidal pathway (Ding et al., 2010). The Pf and
related nuclei respond to unexpected sensory events (Matsumoto et
al., 2001; Minamimoto and Kimura, 2002), and these findings have
prompted the view that activation of the intralaminar thalamic nu-
clei pauses striatal processing so that a new behavior can be selected
(Thorn and Graybiel, 2010). Hence, collicular activation of Pf and its
projections to the striatum could complement inhibition exerted
simultaneously by ZI on caudal POm and its interactions with the
DLS.

Clinical significance of the zona incerta
The STN is an important target for deep brain stimulation in
the treatment of PD. Given the proximity of STN and ZI, it is
not surprising that CT scans, structural MRIs, and postmor-
tem analysis indicate that DBS electrode contacts are often
located in ZI (Sun et al., 2008; Plaha et al., 2011; Blomstedt et
al., 2012; Fytagoridis et al., 2012; Caire et al., 2013). In these
cases, electrical stimulation of the caudal sector of ZI, which
sends excitatory projections to the other sectors of ZI (Power
and Mitrofanis, 1999; Mitrofanis, 2005), is effective for treat-
ing essential tremor, as well as some motor symptoms associ-
ated with PD. In view of the data in the present study, it is
plausible that the therapeutic benefits derived from ZI stimu-
lation are due, at least in part, to its disruptive effects on the
inhibitory outputs of ZIv, which should inhibit POm–DLS
interactions.
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