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Defense-Like Behaviors Evoked by Pharmacological
Disinhibition of the Superior Colliculus in the Primate
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Stimulation of the intermediate and deep layers of superior colliculus (DLSC) in rodents evokes both orienting/pursuit (approach) and
avoidance/flight (defense) responses (Dean et al., 1989). These two classes of response are subserved by distinct output projections
associated with lateral (approach) and medial (defense) DLSC (Comoli et al., 2012). In non-human primates, DLSC has been examined
only with respect to orienting/approach behaviors, especially eye movements, and defense-like behaviors have not been reported. Here
we examined the profile of behavioral responses evoked by activation of DLSC by unilateral intracerebral infusions of the GABAA receptor
antagonist, bicuculline methiodide (BIC), in nine freely moving macaques. Across animals, the most consistently evoked behavior was
cowering (all animals), followed by increased vocalization and escape-like behaviors (seven animals), and attack of objects (three
animals). The effects of BIC were dose-dependent within the range 2.5–14 nmol (threshold dose of 4.6 nmol). The behaviors and their
latencies to onset did not vary across different infusion sites within DLSC. Cowering and escape-like behaviors resembled the defense-like
responses reported after DLSC stimulation in rats, but in the macaques these responses were evoked from both medial and lateral sites
within DLSC. Our findings are unexpected in the context of an earlier theoretical perspective (Dean et al., 1989) that emphasized a
preferential role of the primate DLSC for approach rather than defensive responses. Our data provide the first evidence for induction of
defense-like behaviors by activation of DLSC in monkeys, suggesting that the role of DLSC in responding to threats is conserved across
species.

Introduction
The deep and intermediate layers of the superior colliculus
(DLSC) integrate multimodal sensory information about envi-
ronmental stimuli to allow for rapid reflex-like responses to po-
tential threats (Stein et al., 2009). DLSC functions in a larger
network that includes the periaqueductal gray (PAG), inferior
colliculus (IC), amygdala, and hypothalamus. This network has
been well characterized in rodents, and has been referred to as the
“brain aversion system.” Activation of this network can evoke
defense-like behaviors (e.g., freezing, cringing, cowering and es-
cape) as well as increased sympathetic arousal (e.g., increase in

blood pressure, heart rate, and respiration) (Brandão et al.,
1994). Unilateral blockade of GABA receptors, glutamate infu-
sion, or electrical stimulation within DLSC have evoked freezing,
suppression of orienting to neutral stimuli of various modalities,
exaggerated startle, defensive posture, violent jumping, and bit-
ing (Redgrave et al., 1981; Sahibzada et al., 1986). Electrical
stimulation intensities below those that produce defense-like
responses have evoked orienting responses of the head and
eyes (McHaffie and Stein, 1982). These studies led to the con-
clusion that DLSC-evoked responses can be categorized into
two classes: (1) orienting/pursuit (approach) and (2) avoid-
ance/flight (defense). Anatomical evidence from rats suggests
that these two systems are subserved by different regions
within DLSC and depend on distinct output projections
(Dean et al.,1989). These classes of response are also modu-
lated by segregated anatomical inputs to DLSC corresponding
to the visual fields associated with predator (defense) versus
prey (pursuit) (Comoli et al., 2012).

In the primate, DLSC has been examined with respect to only
one class of response: orienting/approach behaviors (Wurtz and
Albano, 1980; Anderson and Rees, 2011; Gandhi and Katnani,
2011). Electrical or pharmacological stimulation of this region in
monkeys results in contralaterally directed orienting of the head
and eyes (Hikosaka and Wurtz, 1985; Cowie and Robinson,
1994), similar to that seen in rodents. However, a role for DLSC
in defense-like behaviors in the non-human primate has never
been documented.

Received June 19, 2012; revised Oct. 11, 2012; accepted Nov. 1, 2012.
Author contributions: K.G. and L.M. designed research; J.T.D., A.L.H., P.A.F., J.T.G., C.E.C., L.L.W., and L.M. per-

formed research; J.T.D., A.L.H., P.A.F., J.T.G., C.E.C., K.G., and L.M. analyzed data; J.T.D., A.L.H., P.A.F., K.G., and L.M.
wrote the paper.

The research was supported by NIH Grants RO1MH82364 (L.M.), R21HD039937 (L.M.), R01NS020576 (K.G.),
F31NS061623 (A.L.H.), and T32HD007459 (J.T.G.), the Howard Hughes Medical Institute Undergraduate Research
Program (J.T.D.), and Autism Speaks (L.M.). We thank Carrie Silver, Guisou Zarbalian, Menna Teffera, Celeste Wal-
lenta, Jadig Garcia, and Sandra Lopez for technical assistance.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Ludise Malkova, Department of Pharmacology, Georgetown Univer-

sity Medical Center, 3900 Reservoir Rd. NW, Washington, DC 20007. E-mail: malkoval@georgetown.edu.
J. T. Gale’s present address: Department of Neuroscience and the Center for Neurological Restoration at the

Cleveland Clinic, Cleveland, OH 44195.
L. L. Wellman’s present address: Department of Pathology and Anatomy, Eastern Virginia Medical School, Nor-

folk, VA 23501.
DOI:10.1523/JNEUROSCI.2924-12.2013

Copyright © 2013 the authors 0270-6474/13/330150-06$15.00/0

150 • The Journal of Neuroscience, January 2, 2013 • 33(1):150 –155



In the course of examining the effects of pharmacological ac-
tivation of DLSC in non-human primates to identify the role of
nigrotectal pathways in motor control, we observed the emer-
gence of defense-like behaviors (Holmes et al., 2012). These ob-
servations, while reminiscent of the effects obtained in rodents,
were unexpected. Based on the perspective of Dean et al. (1989),
DLSC in non-human primates preferentially functions to facili-
tate orienting (approach) rather than defensive (avoidance) re-
sponses because animals, such as monkeys, “with relatively
developed central vision and few predators. . . . , have more to
gain. . . . from an orienting response.” (Dean et al., 1989, p. 146).
This view was prompted by the fact that no defense-like behaviors
had been previously reported in monkey studies exploring DLSC.

Thus, here we examined the profile of behavioral responses to
intracollicular infusion of the GABAA receptor antagonist, bicu-
culline methiodide (BIC), and determined the dose and site de-
pendence of the behavioral responses. Our data provide the first
evidence for induction of defense-like behaviors by activation of
DLSC in monkeys, and suggest that the role of DLSC in respond-
ing to threats is conserved across species.

Materials and Methods
Subjects. Five pigtail macaques (Macaca nemestrina), one female (BR)
and four males (ZH, RK, GW, and OK), and four rhesus macaques
(Macaca mulatta), one female (ST) and three males (DA, OL, and DE),
were used in this study. Four of them (ST, DA, OL, and DE) were also
used in a previous study on the interaction between DLSC and substantia
nigra in motor control (Holmes et al., 2012). The monkeys were 2–5
years of age and weighed 3.2–7.0 kg at the beginning of this study. The
study was approved by the Georgetown University Animal Care and Use
Committee in accordance with the Guide for Care and Use of Laboratory
Animals.

Infusion chamber and site verification. Each animal was implanted with
a stereotaxically positioned chronic infusion chamber as previously de-
scribed (West et al., 2011). For drug infusions, a grid was inserted in the
chamber to provide guiding channels for the placement of an injector
(Wellman et al., 2005) and a removable cannula. The grid allowed for
infusions to be positioned 2 mm apart in the mediolateral and antero-
posterior directions. To verify infusion-site location, each monkey re-
ceived at least one T1-weighted MRI scan as described in West et al.
(2011). Tungsten microelectrodes, visible on MR images, were inserted
into the specified locations with the tip placed at �10 mm above the
intended site. The position of the electrode tip on the scan was used to
adjust the location of the infusion site as needed. Histology was per-
formed for four animals (ZH, RK, GW, and DE) as previously described
(Holmes et al., 2012). For the remaining animals, the cannula placement
was determined from MRI.

Intracerebral drug infusions. To disinhibit DLSC, BIC was infused as
outlined in Figure 1A. We found previously that unilateral infusions of
BIC produced a robust effect, making it unnecessary to perform bilateral
manipulations (Dybdal et al., 2012). Thus, we targeted unilateral infu-
sions at both hemispheres in different experimental sessions.

The drug (as a sterile 10 mM solution) was infused in volumes of
0.25–1.4 �l (2.5–14 nmol) at a 0.2 �l/min rate under aseptic conditions
as previously described (West et al., 2011). The entire infusion procedure
lasted 10 –15 min. At least 48 h were allowed to elapse between drug
treatments in an individual subject. Doses were titrated for each animal
to reach a dose sufficient to produce a response. Control infusions (equal
volumes of sterile saline) were performed in sites from which defense-
like behaviors were evoked.

MRI verification of tissue volume reached by infusion. To verify the
volume of diffusion of the infused solution, we infused 1.0 �l of an MRI
contrast agent, gadolinium (5 nmol; Magnevist; Fig. 1C), according to
the procedure described by Wilke et al. (2010). The range of diffusion
visualized in MRI sections was limited to a diameter of 3 mm at 60 min
after infusion, in agreement with previous gadolinium imaging in our
laboratory (Dybdal et al., 2012) and others (Asthagiri et al., 2011). This

extent of diffusion also matches that observed by Yoshida et al. (1991)
using isotopic labeling to monitor the spread of bicuculline methyl
chloride.

Site specificity controls. To control for the effects of a potential BIC
leakage along the cannula track dorsal to the target site or into the ven-
tricular area, we included control infusions of BIC into the superficial SC,
medial pulvinar, and lateral ventricle dorsal to the SC.

Behavioral evaluation and statistical analysis. Baseline behaviors were
assessed before every drug infusion. Video recordings were made of freely
moving animals in an observation cage (61 � 74 � 76 cm). Videotapes
were analyzed by two independent observers (one blind with respect to
the treatment) using the software Observer (Noldus). Inter-observer re-
liability was controlled by comparing results of video segments scored by
both observers, which in this case was 45% of all video-records (inter-
observer reliability: mean Pearson’s r � 0.96, p � 0.0001; no statistical
difference between the means p � 0.41). Video-records were analyzed in
15 min segments (bins); two segments were obtained per baseline (0 –15
and 15–30 min) and four segments per infusion (0 –15, 15–30, 30 – 45,
and 45– 60 min). Behaviors were coded as either states (duration of time
in seconds per 15 min bin; cowering) or events (number of occurrences
per 15 min bin; vocalizations, escape-like behavior, attack of objects).
Cowering was coded as a state in which the animal withdrew to the
peripheries of the cage, remaining crouched or recoiled with gaze di-
rected upward. Vocalization was coded as any sound/call emitted from
the animal; escape-like behavior as a sudden movement/startle; attack of
objects as biting, hitting, or throwing objects such as toys and/or rattling
cage bars.

Because no within-session or between-session differences were ob-
served for baseline or saline infusions, a single baseline value for each
animal and each behavior was obtained by averaging across all available
15 min baseline/saline segments. The mean number of baselines per
animal was 13 (range 5–24). The number of drug infusions per animal
ranged between 2 and 13. Individual drug infusions varied in the dose
and location within DLSC as described in Results.

Since the number of infusions, doses, and sites varied within and be-
tween animals, we identified for each animal one infusion that gave the
strongest effect during the first 15 min bin (“maximum early response”).
The “maximum early response” was defined as the greatest number of
vocalizations or escape-like behaviors and the longest duration of cow-
ering evoked in the first bin. Choosing the first bin after infusion assured
us that the behavior was evoked from the site of infusion and not due to
drug spread. The locations of the sites that evoked the maximum early
response in each animal are shown in Figure 1A.

Statistical analyses were performed using SPSS, SAS, and GraphPad
Prism. Paired Wilcoxon Sign Rank Test was applied to comparisons
between baseline and drug treatment for each behavior. Nonparametric
Skillings-Mack Test (Skillings and Mack, 1981) for repeated measures
was used for time course comparisons, followed by Dunn’s post hoc com-
parisons. p-values �0.05 were considered statistically significant.

Results
Effect of BIC in DLSC
BIC infusion in DLSC evoked behaviors that were not present dur-
ing baseline or after saline infusions: cowering, escape-like behavior,
high-pitch vocalization, and attack of objects. Cowering was typi-
cally accompanied by orienting of the head and eyes to the contralat-
eral upper visual field with a slight bending of the trunk ipsilaterally.
Escape-like behavior typically occurred as a sudden burst of running
or jumping. The high-pitched vocalizations that occurred following
BIC in DLSC were distinct from the lower pitch cooing sounds ex-
hibited during baseline conditions. With the exception of attack of
objects in one animal (late onset in GW), all behaviors that appeared
during an experimental session were evident within the first 3 min of
the observation period, reached a peak within the first 30 min, and
gradually declined thereafter.

Figure 2, A1–C1, shows the individual values and group
means for the defense-like behaviors measured during the first
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15 min of the experimental session in
which maximum early responses were
obtained for each animal. All nine ani-
mals showed cowering, starting within
the first 2 min (Fig. 2A1; W � 45, p �
0.005). For two animals (ST and OL),
cowering was the only response evoked.
The remaining seven animals also
showed escape-like responses (Fig. 2B1;
W � 28, p � 0.05) and increased vocal-
ization (Fig. 2C1; W � 28, n � 7, p �
0.05). All these behaviors increased sig-
nificantly compared with baseline.

Figure 2, A2–C2, shows the time
course of behaviors over the 1 h observa-
tion period. For cowering (A2), escape-
like behavior (B2), and vocalizations (C2),
there was a significant main effect of time
(SM � 9.93, p � 0.03; SM � 20.97, p �
0.0004; SM � 16.04, p � 0.003, respec-
tively). Post hoc comparisons revealed that
the duration/count of all three behaviors
was significantly elevated above baseline
for the 0 –15, 15–30, and 30 – 45 min bins
(all p values �0.05).

The behaviors observed in each animal
were consistent across different infusion
sites in DLSC. Two animals, DE and GW,
each had four BIC infusions between 7
and 14 nmol, and, in all cases, cowering,
escape-like behavior, and vocalization
were evoked; in addition, GW exhibited
attack behavior after these treatments. At-
tack behaviors directed toward objects
were observed in three males after BIC
doses between 7 and 14 nmol (GW, DA,
and OK).

For all effective infusions, at least one
of the defense-like behaviors listed above
appeared within the first 2 min of obser-
vation (range 0 –98 s, mean � 17 s); in
some cases, the defense-like responses ap-
peared during the infusion, before the an-
imal being placed in the observation cage.
Additionally, contralaterally directed eye
movements consistently accompanied
these early defense-like responses.

Dose dependence
Infusion of a dose of 2.5 nmol BIC in
DLSC (7� in BR, 1� in ZH) did not
evoke defense-like behaviors. The lowest
dose effective for producing defense-like
behaviors was 4.6 nmol (Table 1). There-
fore, we defined this dose as the effective
threshold. There were a total of 38 infusions within DLSC, 30 of
which were above threshold (4.6–14 nmol); defense-like behaviors
were manifest after 83% (25 of 30) of these infusions (Table 1).

Within the dose range of 2.5–14 nmol, the effects of BIC were
dose-dependent. In three animals (ZH, GW, DE), two different
doses were tested in a single site (the same site which evoked the
maximum early response), allowing different doses to be com-
pared within a given site in the same animal. In addition, in one

animal (DE), two doses of BIC were tested in an additional site in
the opposite hemisphere. As shown in Figure 3, in animal ZH, no
defense-like responses were evoked with 2.5 nmol, but 5 nmol
evoked the maximum early response. In animal GW, 5 nmol
evoked a weaker response than 14 nmol; GW also exhibited at-
tack behavior but only at the higher dose (data not shown). In
animal DE, 7.5 nmol evoked a weaker response than 10 nmol in
both hemispheres.

Figure 1. Localization of infusion sites. A, Coronal planes from a standard monkey atlas showing DLSC (shaded area) at anterior
(�2 mm), central (0 mm), and posterior (�1 mm) levels; the numbers are distances from interaural plane. Symbols show the
location of the infusion sites, from which the maximum early response was obtained for each animal; the BIC dose is in parentheses.
The sites for GW and ZH also represent the sites used for dose–response (Fig. 3). For animal DE, two sites are plotted: the site in the
left hemisphere evoked the maximum early response; both the sites in the left and the right hemisphere were used for dose–
response (Fig. 3). The sites were reconstructed from MRI for all animals and confirmed by histology for four (ZH, RK, GW, and DE).
B, Representative MR image (animal DE) showing electrodes placed in DLSC. Image corresponds to the anterior plane in A. C, MR
image (animal ST) following infusion of gadolinium (5 nM, 1 �l) into the superficial layers of SC. White area shows hypersignal (3
mm in diameter) indicating diffusion of the 1 �l volume 60 min after infusion. BIC infusion in the same site did not evoke
defense-like behaviors. The dashed area outlines an area surrounding the effective infusion site placed 3 mm ventral to the
gadolinium infusion site (center-to-center). BIC infused in this site in DLSC evoked defense-like behaviors. D, Photomicrograph of
Nissl-stained coronal section through DLSC of animal DE at a level corresponding to that shown in B. The arrows point to the tips of
cannula tracks. Left track corresponds to the electrode placement in B. On the right, the medial track was used for dose–response
and is plotted in A. Aq, Cerebral aqueduct; Pul, pulvinar; S, superficial layers of superior colliculus; I, intermediate layers of superior
colliculus; D, deep layers of superior colliculus.
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Site specificity
Behavioral responses evoked from different sites within DLSC
were consistent within and across animals. Infusions into lateral,
central, or medial regions of DLSC elicited comparable defense-
like behavioral responses.

There were 17 infusions of BIC (in six animals) that served as
controls for potential BIC leakage up the cannula track or into the
ventricular system. These infusion sites, located in the lateral ven-
tricle, medial pulvinar, and the superficial layers of SC, did not
evoke defense-like behaviors. Figure 1C presents an MR image
(animal ST) showing a diameter of infusion of 3 mm, as indicated
by the area of hypersignal, 60 min after gadolinium infusion into
the superficial layers of SC. BIC infusion into this site did not evoke
defense-like behaviors, consistent with the diffusion not reaching
DLSC (Fig. 1C). In contrast, infusion into a site in DLSC, 3 mm
ventral to the gadolinium infusion site, evoked defense-like
behaviors.

Histological verification of infusion
site localization
Cannula placement as determined from
thionin-stained brain sections of four an-
imals consistently agreed with placement
determined from MRI scans (Fig. 1B,C),
consistent with our prior reports (Well-
man et al., 2005; Dybdal et al., 2012).

Discussion
Our results are the first documentation of
defense-like behaviors evoked by activa-
tion of DLSC in the non-human primate.
Activation of DLSC by the focal blockade
of GABAergic inhibition evoked cower-
ing, escape-like responses, high-pitch vo-
calizations, and attack of objects. These
findings were unexpected in the context of
the theoretical perspective presented by
Dean et al. (1989) that emphasized a pref-
erential role of primate DLSC for ap-
proach responses rather than defensive
responses. Our findings indicate that the
function of DLSC as a substrate for re-
sponding to threats is conserved across
species.

Activation of DLSC produced defense-
like responses that were both passive (i.e.,
cowering) and active (i.e., escape-like be-
havior, attack of objects), as well as an in-
crease in defensive vocalization. For a
given animal, the behavioral responses
evoked from different sites within DLSC
were consistent across infusions, suggest-
ing that the various defense-like behaviors
do not have independent site specificity.
Across animals, the most consistently
evoked behavior was cowering (all ani-
mals), followed by vocalization and
escape-like behaviors (seven of nine ani-
mals); attack of objects was observed in
only three of nine animals, all males. The
cowering and escape-like behaviors re-
sembled defense-like responses evoked
from the rat following DLSC stimulation
(Dean et al., 1989, Schenberg et al., 2005).
Moreover, attack of objects in the monkey

appears to be analogous to the biting of objects described in the
rat (Redgrave et al., 1981). The vocalization we observed in the
monkeys, which may correspond to fear–related ultrasonic vo-
calization in the rat (Vivian and Miczek, 1999), resembled the
screams, high-pitched barks, and shrieks that have been de-
scribed as submissive and defensive responses to threats in mon-
keys (Hauser, 1993).

All behaviors that we evoked from DLSC occurred with rapid
onset (within the first 2 min) and often during the infusion pe-
riod. This provides important verification that all of the re-
sponses obtained result from drug action within DLSC. This is
further reinforced by the fact that the latency to onset of the
defense-like responses did not differ as a function of mediolateral
or dorsoventral position within DLSC. The highly circumscribed
drug spread indicated by gadolinium (Fig. 1C) together with the
observations that behavioral responses did not differ as a func-

Figure 2. Defense-like behavioral responses evoked by BIC in DLSC during the maximum early response (A1–C1) and over the
60 min observation period (A2–C2). A1–C1, Data show the mean duration (�SEM) or the mean number (count; �SEM) of
behaviors during the maximum early response. The individual values for each animal are plotted as symbols that correspond to
those plotted in Figure 1. For each behavior, only those animals that exhibited the behavior are included in the graphs (OL and ST
are not included in B2, B3 and C2, C3 as they exhibited only cowering). A2–C2, Data show the time course for each of the evoked
behaviors (mean � SEM). All animals plotted in the bar graphs (A1–C1) are represented in the time course. However, two animals
(DE and GW) are included only for the 0 –15 and 15–30 min bins because their data could be analyzed only for the first 30 min.
*p � 0.05 compared with baseline.
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tion of location of infusion site within DLSC, indicate that spread
of drug to adjacent brain areas does not significantly contribute
to any of the behavioral responses we have observed.

Infusions of BIC into sites within both medial and lateral
DLSC evoked cowering in all animals. This topography contrasts
with the medial-lateral segregation observed in the rat, where

defense-like behaviors (i.e., shying away from a perceived threat)
were preferentially evoked from medial DLSC (Dean et al., 1989).
The topography in the rat has been explained by the fact that
medial DLSC preferentially responds to stimuli in the upper vi-
sual field, which is the principal location of predator approach for
rats. Although DLSC in monkey has similar visuotopic mapping
(i.e., upper and lower visual fields map onto medial and lateral
DLSC, respectively) (Cynader and Berman, 1972), the response
to DLSC activation in the present study did not appear to be
segregated as had been described in the rat, perhaps because
monkeys respond to threats from both above and below (Comoli
et al., 2012).

In rats, the medial-lateral functional segregation within DLSC
is aligned with distinct descending projections that mediate ap-
proach (pursuit) responses and defense (escape) responses (Dean
et al., 1989). Approach responses are mediated via the crossed
tecto-reticulo-spinal tract (predorsal bundle) (Dean et al., 1989)
and defense responses are mediated via the uncrossed projections
from DLSC to the cuneiform nucleus, midbrain and pontine
reticular formation (Dean et al., 1989, their Fig. 2). The descend-
ing anatomical projections from DLSC as described in the rat are
also present in the monkey (Huerta and Harting, 1984; Sparks,
1986; Guitton, 1991; Gandhi and Katnani, 2011). However,
whereas the pursuit-related gaze shifting (eye movements) and
associated orienting responses (Hikosaka and Wurtz, 1985) are
relayed via the crossed predorsal bundle (Gandhi and Katnani,
2011), it remains to be determined whether the uncrossed pro-
jections mediate the defense-like behaviors we have observed.
The cowering behavior following activation of DLSC often in-
volved an ipsilaterally directed contraction of the trunk concur-
rent with a contralaterally directed eye gaze and head turning,
suggesting that our treatment engages both crossed and un-
crossed descending projections from DLSC. In addition, it is
likely that the affective component of the behaviors evoked from
DLSC depends upon ascending projections that reach the
amygdala and other limbic structures (Day-Brown et al., 2010;
Tamietto and de Gelder, 2010). This possibility is supported by
the finding that lesions of DLSC in the monkey (Maior et al.,
2011) impaired emotional processing of threatening stimuli in a
manner similar to that observed after amygdala lesions (Meunier
et al., 1999).

In rats, DLSC, along with PAG, IC, and the mesencephalic
reticular formation comprise a ponto-mesencephalic network
for defense-like behaviors (Brandão et al., 1994; Zhao and Davis,
2004). Progressively increasing electrical stimulation in each of
these structures induces aversive responses (arousal, freezing,
and escape) accompanied by changes in heart rate and blood
pressure. The behavioral repertoire evoked from each of these
structures in the rat is a function of the topography of stimulation
and the projections between them (Brandão et al., 1999). For
example, PAG, which has reciprocal connections with DLSC, is
thought to modulate responses evoked from DLSC (Schenberg et al.,
2005; e.g., Bittencourt et al., 2005). The ability to evoke defensive
vocalization from subregions of PAG in the monkey (Dujardin and
Jürgens, 2005) raises the prospect that interconnections between
DLSC and PAG (Mantyh, 1982, 1983) may also regulate defensive
behaviors in primates. The ability of DLSC to trigger a highly inte-
grated pattern of affective and motor responses fits with the concept
proposed by Denny-Brown (1962) that the SC serves as a driving
force in the mesencephalic network subserving reactivity to the en-
vironment.

Our results demonstrate that DLSC is an important substrate
for defense-like behavior in the non-human primate, making it a

Table 1. Summary of BIC injections in DLSC above threshold

Animal
Number of injections in
DLSC above thresholda

Number of injections in
DLSC above thresholda

resulting in defense-like
response

Effective dose
range (nmol)

BR 2 2 5.6 –7
ZH 1 1 5
GW 7 7 4.6 –14
RK 6 3 5.6 –7
OK 1 1 11.2
ST 4 2 10
DE 5 5 5–10
DA 2 2 10
OL 2 2 10
Summary 30 25 4.6 –14
aThreshold � 4.6 nmol BIC.

Figure 3. Dose dependence of defense-like behaviors evoked from DLSC. Defense-like re-
sponses are shown as percentage of the maximum early response depicted in Figure 2, A1–C1
(i.e., for each behavior, 100% equals the value for the maximum early response, 0% equals no
response). A, B, In animals ZH and GW, two doses (2.5 vs 5 nmol and 5 vs 14 nmol, respectively),
one infusion each, were used in the same site as shown in Figure 2. C, In Animal DE, two
infusions per dose (7.5 vs 10 nmol) were used, one from right (R) and one from left DLSC (L, same
site as that for Fig. 2).

154 • J. Neurosci., January 2, 2013 • 33(1):150 –155 DesJardin et al. • Superior Colliculus and Defense-Like Behaviors



likely substrate for this type of behavior in humans. Under nor-
mal conditions, this system may serve as a rapid detection and
response mechanism for avoiding sudden and threatening stim-
uli. When disinhibited, as we have achieved with GABA receptor
blockade, the defense-like responses emerged without provoca-
tion, resembling symptoms seen in post-traumatic stress disorder
(PTSD) (Vieweg et al., 2006). The extent to which the behaviors
evoked from DLSC in the non-human primate may be modified
by environmental context, previous experience, or conditioning
is unclear. However, such modifications have been shown for
defense-like behaviors evoked from the midbrain tegmentum of
the rat (Davis, 1986; Schenberg et al., 2005) and merit further
exploration. DLSC circuitry may be particularly relevant for
modeling and modifying hyper-responsive defensive reactions,
such as occur in combat-related PTSD.

References
Anderson EJ, Rees G (2011) Neural correlates of spatial orienting in the

human superior colliculus. J Neurophysiol 106:2273–2284. CrossRef
Medline

Asthagiri AR, Walbridge S, Heiss JD, Lonser RR (2011) Effect of concentra-
tion on the accuracy of convective imaging distribution of a gadolinium-
based surrogate tracer. J Neurosurg 115:467– 473. CrossRef Medline

Bittencourt AS, Nakamura-Palacios EM, Mauad H, Tufik S, Schenberg LC
(2005) Organization of electrically and chemically evoked defensive be-
haviors within the deeper collicular layers as compared to the periaque-
ductal gray matter of the rat. Neuroscience 133:873– 892. CrossRef
Medline

Brandão ML, Cardoso SH, Melo LL, Motta V, Coimbra NC (1994) Neural
substrate of defensive behavior in the midbrain tectum. Neurosci Biobe-
hav Rev 18:339 –346. CrossRef Medline
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