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GABA transmission in the deep layers of the superior colliculus/
deep mesencephalic reticular formation (deep SC/Me) mediates
several motor responses, including those expressed after sys-
temic administration of dopamine agonists. In the present study
we examined the role of the deep SC/Me in the modulation of the
acoustic startle reflex and its enhancement by the dopamine D1
agonist SKF 82958. Rats were implanted with bilateral cannulas
into the deep SC/Me or superficial layers of the SC (super SC)
and 1 week later were infused with various compounds. The
GABAA antagonist bicuculline (0, 5, and 10 ng) produced a dose-
and time-dependent enhancement of startle after infusion into
the deep SC/Me, but not the super SC. Infusion of the GABAA
agonist muscimol (0.1 mg) into the deep SC/Me, but not the
super SC, blocked the enhancement of startle by systemic SKF

82958 (1 mg/kg) but had no effect on baseline startle by itself.
This effect was not produced by infusion of the D1 antagonist
SCH 23390(1 mg) or the glutamate antagonist NBQX (0.1 mg).
Deposits of FluoroGold into the deep SC/Me, combined with
immunohistochemistry for glutamic acid decarboxylase (GAD),
confirmed a direct GABAergic input from the substantia nigra
pars reticulata (SNr) to the deep SC/Me. These results suggest
that GABA tone in the deep SC/Me modulates the expression of
startle as well as the enhancement of startle by dopamine D1
agonists. On the basis of these data and previous work, we have
proposed a striatonigral–tectal–reticular neural pathway mediat-
ing the effects of dopamine D1 agonists on startle.
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The acoustic startle reflex in rats is a rapid sensorimotor response
elicited by a sudden and intense auditory stimulus (cf. Davis, 1984)
and is mediated by a simple neural pathway in the brainstem
consisting of cochlear root neurons (CRNs), neurons in the nucleus
reticularis pontis caudalis (PnC), and motoneurons in the spinal
cord (Lee et al., 1996). The amplitude of this short-latency re-
sponse can be quantified easily and has been used extensively to
study the neurocircuitry and neurochemistry involved in the mod-
ulation of reflex/motor behavior (cf. Davis, 1980). Along these
lines, we have found that systemic administration of dopamine D1
receptor agonists markedly increases the acoustic startle response
(Meloni and Davis, 1999a). This effect is mediated in part by the
activation of D1 receptors in the substantia nigra pars reticulata
(SNr; Meloni and Davis, 1997), a major output structure of the
basal ganglia to premotor areas in the midbrain (Graybiel, 1984).
Hence, we have been using D1 agonist-induced enhancement of the
acoustic startle response to study the neural mechanisms underly-
ing dopaminergic control of motor behavior. In particular, we are
interested in how SNr-dependent D1 receptor agonist effects get
transmitted to the primary acoustic startle pathway in the
brainstem.

In the present study we have focused on the deep layers of the
superior colliculus/mesencephalic reticular formation (collectively
referred to as the deep SC/Me) as a possible relay between the SNr
and the PnC mediating the enhancement of startle by D1 agonists.
The deep SC/Me is a major target of the SNr (Faull and Mehler,
1978) and has a direct projection to the reticular formation where

cells in the PnC are located (Meloni and Davis, 1999b). A number
of studies have shown that the nigrotectal projection contains
GABA (Di Chiara et al., 1979; Araki et al., 1984), and blockade of
GABA transmission in the deep SC/Me elicits a constellation of
motor behaviors, including an explosive jumping behavior (Dean et
al., 1980; Cools et al., 1983).

On the basis of the above data and the observation that GABA
levels are reduced in the deep SC/Me after systemic administration
of dopamine agonists (Melis and Gale, 1983), we hypothesized that
removal of GABA tone in this area may (1) enhance the acoustic
startle response by itself and (2) mediate the enhancement of
startle seen after systemic administration of D1 agonists. To test the
first hypothesis, we locally infused animals with the GABAA an-
tagonist bicuculline into the deep SC/Me and tested them for their
acoustic startle response. To test the second hypothesis, we locally
infused animals with the GABAA agonist muscimol into the
deep SC/Me in an attempt to restore the putative loss of GABA
tone produced by D1 agonist administration and block the en-
hancement of startle by SKF 82958. We also attempted to confirm
a GABAergic input from the SNr to the deep SC/Me, using
deposits of a retrograde tracer (FluoroGold) into this area, com-
bined with immunohistochemistry for identification of glutamic
acid decarboxylase (GAD), i.e., the enzyme involved in GABA
synthesis.

MATERIALS AND METHODS
Animals. The animals were male Sprague Dawley rats (Charles River,
Wilmington, MA) weighing between 400 and 450 gm; they were housed in
group cages of four rats each until the time of surgery when they were
housed singly. Animals were maintained on a 12 hr light /dark cycle (lights
on at 7:00 A.M.) with food and water continuously available and were used
under conditions consistent with the USDA, Yale University, and National
Institutes of Health rules for the care and use of laboratory animals.

Apparatus. Five separate stabilimeters were used to measure the ampli-
tude of the startle response. Each stabilimeter consisted of an 9 3 15 3 15
cm Plexiglas and wire mesh cage suspended between compression springs
within a steel frame. Cage movement resulted in displacement of an
accelerometer (PCB Piezotronics, Depew, NY) in which the resultant
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voltage was proportional to the velocity of the cage displacement. The
analog output of the accelerometer was amplified and digitized on a scale
of 0–4096 units by a MacADIOS II board (GW Instruments, Somerville,
MA) interfaced to a Macintosh II computer. Startle amplitude was defined
as the peak accelerometer voltage that occurred during the first 200 msec
after onset of the startle stimulus. Each stabilimeter was located within a
68.5 3 35.5 3 42 cm ventilated plywood isolation box with the inside
temperature monitored and maintained at ;20°C. All five startle boxes
were located in a ventilated sound-attenuated chamber (2.5 3 2.5 3 2 m;
Industrial Acoustics, New York, NY). A surveillance camera (Ikegami
model ITC-40, Utsunomiya, Japan) was positioned behind each stabilime-
ter within each box and connected to a TV monitor located outside the
Industrial Acoustics isolation chamber. A red light bulb (7.5 W) was
located on the floor of the startle box to provide the illumination for the
cameras in the otherwise completely dark box.

Startle elicitation. Startle responses were evoked by 50 msec bursts of
white noise at various intensities generated by a Lafayette noise generator
(model 15011) and delivered through high-frequency speakers (Radio
Shack Supertweeters, range 5–40 kHz) located 5 cm from the front of each
cage. Constant wideband background noise (60 dB) was produced by
another noise generator and delivered through the same speakers. The
presentation and sequencing of all stimuli were under the control of a
Macintosh II computer. Sound level measurements (SPL) were made with
a Brüel & Kjaer model 2235 sound level meter (A scale; random input)
with the microphone (Type 4176) located 10 cm from the center of the
speaker, which approximates the distance of the rat’s ear from the speaker
during testing.

Intracerebral cannulation. Rats were anesthetized with Nembutal (50
mg/kg, i.p.) and placed in a Kopf stereotaxic instrument (model 900) with
blunt ear bars. The skin was retracted, and bilateral holes were drilled in
the skull above the superior colliculus. Stainless steel guide cannulas (22
gauge, 3 mm center to center; Plastics One, Roanoke, VA) with an internal
dummy stylette extending 1 mm beyond the guide cannula tip were lowered
into the brain, using the following coordinates: 26.3 mm posterior to
bregma, 61.5 mm lateral to the midline, 24.8 mm ventral to dura (deep
SC/Me), or 23.0 mm ventral to dura (superficial layers of the superior
colliculus; super SC). Three jeweler’s screws (0–80) also were placed in the
skull to anchor the guide cannulas, and Loctite adhesive (Newington, CT)
and dental acrylic were used to cement the cannulas in place. The animals
were given 1 week to recover before intracerebral drug infusion effects on
startle were tested.

Drug administration. During the intracerebral infusion procedure the
rats were placed in individual plastic cages (28 3 17 3 12 cm); their
dummy stylettes were removed and replaced with infusion cannulas (28
gauge, 1 mm projection from the tip of the guide cannula; Plastics One)
attached to Hamilton microsyringes (10 ml) by polyethylene tubing. A
Harvard Apparatus (model 22) infusion pump was used to deliver 0.5
ml /side of either drugs or saline directly into the deep SC/Me or super SC
at a rate of 0.2 ml /min for 2.5 min. The infusion cannulas were left in place
for 1 min after the infusion, after which time they were removed and the
dummy stylettes were replaced.

To test the effects of bicuculline infused into the deep SC/Me on startle,
1 week after surgery we matched animals into three groups (n 5 8 each
group) having equivalent baseline startle responses, using a startle test
identical to the one described below. Then 2 d later each group received
bicuculline (0, 5, or 10 ng/side) infused into the deep SC/Me. As an
anatomical control, another group of animals (n 5 7) also was given a
matching session 1 week after surgery and 2 d later received bicuculline (0,
5, or 10 ng/side) infused into the super SC. For the testing of bicuculline
in the super SC, drug presentation was given in a counterbalanced order
(Latin Square design), with 72 hr separating each of the 3 test days. These
doses of bicuculline were chosen on the basis of pilot studies (see below).

A different group of animals (n 5 10) received either muscimol (0.1
mg/side) or saline infused into the deep SC/Me, followed by a subcutane-
ous injection of either SKF 82958 (1 mg/kg) or saline. Drug presentation
was given in a counterbalanced order (Latin Square), with 72 hr separating
each of the 4 test days. As an anatomical control another group of animals
(n 5 8) received either muscimol (0.1 mg/side) or saline infused into the
super SC, followed by a subcutaneous injection of either SKF 82958 (1
mg/kg) or saline. Drug presentation was given in a counterbalanced order,
with 72 hr separating each of the 4 test days. This dose of muscimol was
chosen on the basis of a previous study showing a complete blockade of the
expression of fear-potentiated startle, with no effect on baseline startle,
after local infusion of muscimol (0.1 mg) into the deep SC/Me (Meloni and
Davis, 1999b).

As a pharmacological control another group of animals (n 5 10) re-
ceived either SCH 23390 (1 mg/side) or saline infused into the deep
SC/Me, followed by a subcutaneous injection of either SKF 82958 (1
mg/kg) or saline. Drug presentation was given in a counterbalanced order,
with 72 hr separating each of the 4 test days. This dose of SCH 23390 was
chosen on the basis of a previous study showing a complete blockade of
SKF 82958-induced enhancement of startle after local infusion of SCH
23390 (1 mg) into the SNr (Meloni and Davis, 1997). Because others have
shown that chemical stimulation of neurons in the deep SC with glutamate
can elicit defensive motor responses (Dean et al., 1988a), another phar-
macological control group was used to test the involvement of glutamate
receptors in the deep SC/Me in the enhancement of startle by SKF 82958.

These animals (n 5 12) were infused with either the AMPA receptor
antagonist NBQX (0.1 mg/side) or saline into the deep SC/Me, followed
by a subcutaneous injection of either SKF 82958 (1 mg/kg) or saline. Drug
presentation was given in a counterbalanced order, with 72 hr separating
each of the 4 test days. This dose of NBQX was chosen on the basis of its
ability to effectively block the pinna component of acoustic startle (flexion
of the ear) when infused into the facial motor nucleus (our unpublished
observations).

Drugs. SKF 82958 [(6)-Chloro-APB HBr], R(1)-SCH 23390, NBQX
(di-sodium), and (2)-bicuculline methiodide were obtained from Research
Biochemicals International (Natick, MA) and muscimol from Sigma (St.
Louis, MO). All drugs were dissolved in 0.9% saline.

Behavioral testing. Because the effect of bicuculline infused into the deep
SC/Me on startle occurs almost immediately after infusion and lasts for a
relatively short time (,20 min as determined in pilot studies), a short test
session was used. After the infusion the animals were placed immediately
in the startle cages and 1 min later received two habituating startle stimuli
(95 dB, 30 sec interstimulus interval). Then the rats were presented with 50
startle stimuli, 10 at each of five different intensities (80, 85, 90, 95, and 100
dB) in a semi-random order with a 30 sec interstimulus interval. In
addition to measuring startle, we made baseline activity measurements by
sampling cage movement (200 msec duration) 15 sec after the onset of each
startle stimulus. This is the same test used to match animals into groups
with equivalent startle levels.

First the animals were infused with muscimol, SCH 23390, NBQX, or
saline and then immediately were injected subcutaneously with SKF 82958
or saline. Next they were placed in the startle cages and given a test session
consisting of a 5 min acclimation period, followed by five habituating
startle stimuli (95 dB, 30 sec interstimulus interval). Then the rats were
presented with 100 startle stimuli (50 msec duration, 5 msec rise–decay
time), 20 at each of five different intensities (80, 85, 90, 95, and 100 dB) in
a semi-random order with a 30 sec interstimulus interval. In addition to
startle testing, baseline activity measurements were made by sampling cage
movement (200 msec duration) 15 sec after the onset of each startle
stimulus.

Histology. At the end of each experiment the animals were given an
overdose with chloral hydrate and perfused intracardially with 0.9% saline,
followed by 10% formalin. The brains were removed from the skull and
stored for at least 4 d in a 30% sucrose/formalin solution; subsequently, 40
mm frozen coronal sections were cut through the superior colliculus. Every
other brain section was mounted on gelatin-coated slides and stained with
cresyl violet. The location of the cannulas in the deep SC/Me and super SC
was assessed under a light microscope and transcribed onto atlas sections
(Paxinos and Watson, 1997).

Statistical analysis. Startle amplitude data were expressed as the mean 6
SEM across startle stimuli at each of the five test intensities or in blocks of
two collapsed across intensity for an analysis of drug effects across time.
For drug treatment effects, significant differences were evaluated with
ANOVA, followed by individual comparisons with Student’s t tests. For all
analyses, drug treatment and intensity were within-groups factors except
for the comparison of doses of bicuculline (0, 5, and 10 ng) in the deep
SC/Me where drug treatment was a between-groups factor. Activity level
differences were evaluated separately from the startle amplitude data with
an ANOVA.

FluoroGold injections and GAD immunohistochemistry. Stereotaxic in-
jections of the retrograde tracer FluoroGold (0.4% in 0.1 M cacodylic acid;
Fluorochrome, Englewood, CO) were made in the deep SC/Me, using the
coordinates described above. Iontophoretic injections were made by pass-
ing a current (4 mA; 4 min on, 4 min off) through the solution contained in
a glass micropipette (30 mm tip diameter). After 6 d the rats received
stereotaxic injections into the lateral ventricle of 2% colchicine (5 ml;
Sigma) dissolved in 0.9% saline. Then 1 d later the rats were overdosed
with chloral hydrate and perfused transcardially with a volume of 100 ml
of 0.9% saline, followed by a volume of 500 ml of 0.1 M PBS, pH 7.4,
containing 2% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric
acid. After the perfusion the brains were removed and stored for 3–4 d in
a 30% sucrose/0.1 M PBS solution. Subsequently, the brains were cut
serially from the caudal SC to the rostral SNr in coronal sections of
alternating thickness (30 and 15 mm sections) collected in 0.1 M PBS. The
15 mm sections were processed for GAD immunofluorescence histo-
chemistry while alternate 30 mm sections were mounted on gelatin-coated
slides and coverslipped with DPX Mountant (Fluka, Milwaukee, WI) for
FluoroGold fluorescence microscopy. The other 30 mm sections were
mounted on gelatin-coated slides and stained with cresyl violet.

For GAD immunofluorescence histochemistry the sections were incu-
bated in the antibody medium (2% normal goat serum and 1% bovine
serum albumin in 0.1 M PBS, pH 7.3) for 30 min, followed by incubation in
primary antibody (rabbit anti-glutamate decarboxylase, 1:1000; Chemicon,
Temecula, CA) for 3 hr at room temperature. The sections were washed
three times in 0.1 M PBS and then incubated in secondary antibody
(biotin-SP-conjugated goat anti-rabbit IgG, 1:200; Jackson ImmunoRe-
search, West Grove, PA) for 2 hr at room temperature. The sections were
washed again three times in 0.1 M PBS and then incubated for 2 hr at room
temperature with avidin-TRITC (Texas Red; Jackson ImmunoResearch)
diluted at 1:100 in 0.1 M PBS. The sections were mounted on gelatin-coated
slides and coverslipped with DPX Mountant for fluorescence microscopy
observed with a Zeiss Axioscope (Oberkochen, Germany) under appro-
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priate filters for FluoroGold fluorescence (excitation/emission peaks 5
323/408 nM) and GAD immunofluorescence (excitation/emission peaks 5
550/570 nM). Still frame photomicrographs were captured with a Sony
DXC5000 digital camera for visualization of FluoroGold retrogradely
labeled cells and GAD immunolabeled cells within the SNr in the same
brain slice.

RESULTS
Bicuculline in the deep SC/Me
Figure 1A illustrates the effect of bicuculline (0, 5, and 10 ng)
infused into the deep SC/Me on startle. Pilot studies in our
laboratory had shown a sensitized startle response after repeated
bicuculline infusions into the deep SC/Me. As a result, a between-
subjects design was used to examine the effects of different doses of
bicuculline infused into the deep SC/Me on startle. These pilot
studies also demonstrated a very sensitive dose–response effect of
bicuculline in the deep SC/Me; infusion doses higher than 10 ng
produced spontaneous and auditory-stimulated explosive motor
responses in most animals. In fact, two animals infused with the 10
ng dose of bicuculline into the deep SC/Me showed this explosive
behavior and were unable to be tested. The remaining eight ani-
mals were sensitive to auditory stimuli in the testing room but were
tractable enough to be tested in the startle cages.

A two-way ANOVA with bicuculline dose (0, 5, and 10 ng) as a
between-subjects factor and intensity as a within-subjects factor
revealed a significant main effect of bicuculline dose [F(2,21) 5 4.8;
p , 0.05] and intensity [F(4,21) 5 60.4; p , 0.0001]. The bicuculline
dose by intensity interaction was not significant. These data indi-
cate that blockade of GABA transmission in the deep SC/Me with
the GABAA antagonist bicuculline leads to a dose-dependent en-
hancement of the acoustic startle response. A one-way ANOVA of
activity levels for each dose of bicuculline revealed no significant
effects.

Figure 1A also illustrates the effect of bicuculline (0, 5, and 10
ng) infused into the super SC on startle. Pilot studies had not
shown a sensitized startle response after repeated bicuculline in-
fusions into the super SC, and a within-subjects design was used to
examine the effects of different doses of bicuculline infused into the
super SC on startle. A two-way ANOVA with bicuculline dose (0,
5, and 10 ng) and intensity as within-subjects factors revealed a
significant main effect of intensity [F(4,24) 5 24.4; p , 0.0001]. The
main effect of bicuculline dose and the dose by intensity interaction
was not significant. These data indicate that blockade of GABA
transmission in the super SC with bicuculline has no effect on
startle. A one-way ANOVA of activity levels for each dose of
bicuculline revealed no significant effects.

Figure 1B illustrates the time course (collapsed across intensity)
for the effect of bicuculline (0, 5, and 10 ng) infused into the deep
SC/Me on startle. A two-way ANOVA with bicuculline dose as a
between-subjects factor and time as a within-subjects factor re-
vealed a significant main effect of bicuculline dose [F(2,21) 5 4.8;

p , 0.05], time [F(4,21) 5 12.9; p , 0.0001], and a dose by time
interaction [F(8,84) 5 4.9; p , 0.0001]. Individual comparisons
revealed a significant, dose-dependent enhancement of startle by
bicuculline over the first 15 min of testing. Figure 1B also illustrates
the time course of the effect of bicuculline (0, 5, and 10 ng) infused
into the super SC. A repeated measures two-way ANOVA revealed
no significant effects on startle across time by bicuculline (either
dose) infused into the super SC.

Muscimol in the deep SC/Me and the enhancement of
startle by SKF 82958
Systemic administration of the dopamine D1 receptor agonist SKF
82958 produced a marked enhancement of the acoustic startle
response over a range of intensities that was both subthreshold (80
and 85 dB) and suprathreshold (90, 95, and 100 dB) for startle
evocation (Fig. 2A). The effect of local infusion of muscimol (0.1
mg) into the deep SC/Me on the enhancement of startle by SKF
82958 (1 mg/kg) was analyzed by using the mean startle amplitudes
for each drug condition (SAL–SAL, SAL–SKF, MUS–SAL,
MUS–SKF) at each intensity (80, 85, 90, 95, and 100 dB) collapsed
over the test session. A two-way ANOVA with drug condition and
intensity as within-subjects factors revealed a significant main effect
of drug condition [F(3,27) 5 11.5; p , 0.0001], intensity [F(4,36) 5
51.1; p , 0.0001], and a drug condition by intensity interaction
[F(12,108) 5 8.4; p , 0.0001]. Individual comparisons showed that
muscimol (0.1 mg) infused into the deep SC/Me had no effect on
baseline startle itself but effectively blocked the enhancement of
startle by SKF 82958 at the two highest intensities (95 and 100 dB),
but not at the lower intensities (80, 85, and 90 dB). However,
because activity levels are elevated significantly in SKF 82958-
treated animals infused with muscimol (see below), the increase in
animal movement may mask a blockade of SKF 82958-enhanced
startle at these subthreshold intensities. This concern is addressed
below by examining the effects of muscimol on SKF 82958-
enhanced startle across time. In general, these data indicate that
pharmacological inactivation of neurons in the deep SC/Me with
the GABAA receptor agonist muscimol can block the enhancement
of startle by SKF 82958, an effect that is most evident at supra-
threshold startle intensities. A separate one-way ANOVA of mean
activity levels revealed a significant main effect of drug condition
[F(3,27) 5 11.8; p , 0.0001]. Individual comparisons showed that
activity levels were elevated significantly by muscimol infusion
followed by SKF 82958 injections, but not by muscimol or SKF
82958 alone.

Figure 2 also illustrates the effect of muscimol in the deep
SC/Me on SKF 82958-enhanced startle across time for supra-
threshold (Fig. 2B) and subthreshold (Fig. 2C) startle intensities as
well as activity levels (Fig. 2D). A two-way ANOVA of startle over
time collapsed across suprathreshold intensities (90, 95, and 100
dB) revealed a significant main effect of group [F(3, 27) 5 9.6; p ,

Figure 1. Dose-dependent enhancement
of startle by bicuculline (BIC) infused into
the deep layers of the superior colliculus/
mesencephalic reticular formation (deep
SC/Me), but not the superficial layers of
the superior colliculus (super SC), across
intensity (A) and time (B). Filled symbols,
Deep SC/Me infusions; open symbols, su-
per SC infusions. Square, BIC (10 ng); tri-
angle, BIC (5 ng); circle, saline. Significant
differences from saline response: *p , 0.05
and **p , 0.005.
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0.0005] and time [F(9, 81) 5 3.6; p , 0.001]. The group by time
interaction was not significant. Linear contrast analyses showed
that startle was enhanced significantly by SKF 82958 across time
in animals that received saline infused into the deep SC/Me
[F(1, 27) 5 20.1; p , 0.0001], but not in animals that received
muscimol infused into the deep SC/Me.

A two-way ANOVA of startle over time collapsed across sub-
threshold intensities (80 and 85 dB) revealed a significant main
effect of group [F(3, 27) 5 15.6; p , 0.0001]. The main effect of time
and group by time interaction was not significant. Linear contrast
analyses showed that startle was enhanced significantly by SKF
82958 across time in animals that received saline infused into the
deep SC/Me [F(1, 27) 5 32.8; p , 0.0001] as well as those that
received muscimol infused into the deep SC/Me [F(1, 27) 5 22.8;
p , 0.0001]. However, individual comparisons showed that startle
was not enhanced significantly by SKF 82958 in muscimol-infused
animals versus saline-infused animals over the first 15 min (first
two time points).

A two-way ANOVA of activity collapsed over time revealed a
significant main effect of group [F(3, 27) 5 11.8; p , 0.0001] and a
group by time interaction [F(27, 243) 5 1.8; p , 0.05]. The main
effect of time was not significant. Linear contrast analyses showed
that activity was enhanced significantly by SKF 82958 across time
in animals that received muscimol infused into the deep SC/Me
[F

(1, 27)
5 29.6; p , 0.0001]. However, individual comparisons

showed that activity was not enhanced significantly by SKF 82958
in muscimol-infused animals versus saline-infused animals over the
first 15 min (first two time points).

Animals that received muscimol in the deep SC/Me plus SKF

82958 showed an increase in body movement, including frequent
repositioning and circling within the startle cage, which accounted
for the increase in activity measurements in this treatment group.
As a result, this increase in activity would be recorded during
subthreshold intensity trials in which there normally is no elicita-
tion of startle (these trials are essentially a measurement of activity
levels). A closer examination of the data presented in Figure 2
shows that the response by muscimol/SKF 82958 develops at a
similar rate across time in both the subthreshold intensity (Fig. 2C)
and activity (Fig. 2D) graphs, suggesting that they represent the
same phenomenon (i.e., an increase in activity). In fact, over the
first 15 min (first two time points) in which activity levels were not
elevated significantly, there was a significant blockade of the SKF
82958-enhanced startle at the subthreshold intensities by muscimol
in the deep SC/Me. We believe that this effect then becomes
masked (after 15 min) by the increase in activity produced by the
muscimol/SKF 82958 treatment condition. Furthermore, this in-
crease in activity is not responsible for the blockade of SKF
82958-enhanced startle seen at higher intensities because the ani-
mals still show a blockade at the first two time points (Fig. 2B) in
which activity levels are not increased significantly (Fig. 2D). Thus,
it is not the case that an increase in activity interferes with startle
itself or the enhancement of startle by SKF 82958. This assertion is
supported by our finding that muscimol infused into the SNr
produces a marked increase in activity (circling and stereotyped
behavior) as well as an increase in startle (Meloni and Davis, 1997).

As an anatomical control, another group of animals received
muscimol (0.1 mg) infused into the super SC (Fig. 3A), followed by
SKF 82958 injection. A two-way ANOVA revealed a significant

Figure 2. Effect of muscimol [0.1 mg; mus-
cimol (MUS)] infused into the deep layers
of the superior colliculus/mesencephalic re-
ticular formation on the enhancement of
startle by systemic SKF 82958 (1 mg/kg;
SKF ). Graphs are collapsed across intensity
(A) and time for suprathreshold (90, 95,
and 100 dB; B) and subthreshold (80 and 85
dB) intensities (C) and activity (D). The
enhancement of startle by SKF 82958 was
blocked by MUS in the deep SC/Me at
suprathreshold intensities, but not at sub-
threshold intensities (but note the blockade
over the first 15 min in C). Activity levels
were elevated significantly by muscimol in
the deep SC/Me and SKF 82958 after 20
min, an effect that may mask blockade at
subthreshold intensities. *p , 0.05, **p ,
0.005, and ***p , 0.0005 as compared with
saline (SAL) response.
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main effect of drug condition [F(3,21) 5 21.4; p , 0.0001], intensity
[F(4,28) 5 108.8; p , 0.0001], and a drug condition by intensity
interaction [F(12,84) 5 9.27; p , 0.0001]. Individual comparisons
revealed significant differences from the SAL–SAL condition at
each intensity for both the SAL–SKF and MUS–SKF conditions.
Furthermore, these two conditions were not significantly different
from each other, indicating that muscimol (0.1 mg) infused into the
super SC has no effect on the enhancement of startle by SKF 82958.
A one-way ANOVA of activity levels revealed a significant increase
in activity in the MUS–SKF condition.

As a pharmacological control, another group of animals received
infusions of the dopamine D1 receptor antagonist SCH 23390 (1
mg) into the deep SC/Me, followed by SKF 82958 injection (Fig.
3B). A two-way ANOVA revealed a significant main effect of drug
condition [F(3,27) 5 18.7; p , 0.0001], intensity [F(4,36) 5 57.3; p ,
0.0001], and a drug condition by intensity interaction [F(12,108) 5
9.8; p , 0.0001]. Individual comparisons revealed significant dif-
ferences from the SAL–SAL condition at each intensity for both
the SAL–SKF and SCH–SKF conditions. Furthermore, these two
conditions were not significantly different from each other, indicat-
ing that SCH 23390 (1 mg) infused into the deep SC/Me has no
effect on the enhancement of startle by SKF 82958. A one-way
ANOVA of activity levels revealed no significant effects.

To test the involvement of glutamate transmission in the deep
SC/Me on the enhancement of startle by SKF 82958, we infused
another group of animals with the AMPA receptor antagonist
NBQX, followed by SKF 82958 injection (Fig. 3C). A two-
way ANOVA revealed a significant main effect of drug condition
[F(3,33) 5 12.1; p , 0.0001], intensity [F(4,44) 5 35.5; p , 0.0001],
and a drug condition by intensity interaction [F(12,132) 5 9.8;
p , 0.0001]. Individual comparisons revealed significant differ-
ences from the SAL–SAL condition at each intensity for both the
SAL–SKF and NBQX–SKF conditions. Furthermore, these two
conditions were not significantly different from each other, indicat-
ing that NBQX (0.1 mg) infused into the deep SC/Me has no effect
on the enhancement of startle by SKF 82958. A one-way ANOVA
of activity levels revealed no significant effects.

Cannula placement
Figure 4, A and B, shows representative photomicrographs of
cannula placements in the deep SC/Me and super SC, respectively.
The shaded areas in the lower panels of Figure 4, A and B,

summarize the location of cannula tips in the deep SC/Me and
super SC, respectively, for all the animals used in this study.
Cannulas in the deep SC/Me were located predominantly in the
regions between the deep and intermediate white layers of the
superior colliculus and the underlying deep mesencephalic area.
Cannulas in the superficial SC were located predominantly in the

Figure 3. Anatomical and pharmacological controls. A, Muscimol (0.1 mg; MUS) infused into the superficial layers of the superior colliculus (super SC).
B, SCH 23390 (1 mg; SCH ) infused into the deep layers of the superior colliculus/mesencephalic reticular formation (deep SC/Me). C, NBQX (0.1 mg)
infused into the deep SC/Me. None of these infusions had any effect on the enhancement of startle by systemic SKF 82958 (1 mg/kg; SKF ). *p , 0.05,
**p , 0.005, and ***p , 0.0005 as compared with saline (SAL) response.

Figure 4. Representative digital photomicrographs showing bilateral can-
nula placement in the deep layers of the superior colliculus/mesencephalic
reticular formation (deep SC/Me; A) and superficial layers of the superior
colliculus (super SC; B). Shaded areas in the lower panels summarize the
location of cannulas in the deep SC/Me and super SC from animals used in
this study. Serial plates are from the atlas of Paxinos and Watson (1997) and
are listed in millimeters posterior to bregma. Scale bar, 2 mm.
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superficial gray layer and optic nucleus layer of the superior
colliculus.

FluoroGold injections and GAD immunohistochemistry
Five animals received unilateral iontophoretic injections of the
retrograde tracer FluoroGold into the deep SC/Me, as summa-
rized in the illustration in Figure 5A. These deposits were re-
stricted to the deep white layers of the superior colliculus with some
spread of the tracer into the deep mesencephalic area. Retro-
gradely labeled cells were found throughout the rostrocaudal ex-
tent of the ipsilateral SNr, mainly in the dorsolateral division (Fig.
5B). Figure 5C is a representative digital photomicrograph of
retrogradely labeled cells in the rostral SNr after a deposit of
FluoroGold into the ipsilateral deep SC/Me. Many of the retro-
gradely labeled cells (marked with arrows in Fig. 5C) are shown in
the photomicrograph in Figure 5D as being immunoreactive for
GAD, indicating a GABAergic input from the SNr to the deep
SC/Me.

DISCUSSION
The major findings of this study are that (1) local infusion of the
GABAA antagonist bicuculline into the deep SC/Me produces a
dose-dependent enhancement of startle, (2) local infusion of the

GABAA agonist muscimol into the deep SC/Me blocks the en-
hancement of startle by the dopamine D1 agonist SKF 82958, and
(3) the SNr is a source of GABA innervation to the deep SC/Me.
Taken together, these results add to a body of work showing that
GABAergic transmission at the level of the deep SC/Me is an
important component in the regulation and expression of motor
behaviors. Because the deep SC/Me is not part of the primary
acoustic startle pathway (Lingenhöhl and Friauf, 1994; Lee et al.,
1996), the results of the present study suggest that the deep SC/Me
exerts a modulatory influence on this reflex. A recent report from
our laboratory has identified a heavy ipsilateral innervation from
the deep SC/Me to the part of the PnC critical for startle (Meloni
and Davis, 1999b). Similar pathways have been described before
(Redgrave et al., 1987; Yasui et al., 1994) and are believed to
mediate a wide range of motor-related behaviors (Dean et al.,
1988b). Thus, we believe that this tectal–reticular pathway could
provide a direct neural connection relaying effects in the deep
SC/Me to the acoustic startle circuit to affect this behavior.

Bicuculline in the deep SC/Me and startle
The enhancement of startle by bicuculline in the deep SC/Me is
consistent with a number of other studies that have shown that
blockade of GABA transmission in the deep SC/Me elicits an array

Figure 5. A, Serial plates through the midbrain (from Paxinos and Watson, 1997) showing the extent of a deposit of FluoroGold (black area) in the deep
layers of the superior colliculus/mesencephalic reticular formation (deep SC/Me). B, Retrogradely labeled cells (indicated by black dots) were found
throughout the rostrocaudal extent of the ipsilateral substantia nigra pars reticulata (SNr), primarily in the dorsolateral division. Shown are digital images
(103) of FluoroGold-filled cells (C) and GAD-positive cells (D). Arrows mark retrogradely labeled cells, most of which also contain GAD, indicating a
GABAergic input from the SNr to the deep SC/Me. Scale bar, 50 mm. Numbers are in millimeters posterior to bregma.
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of motor behaviors (Imperato and Di Chiara, 1981; Redgrave et al.,
1981), including a hyperactive escape response (Dean et al., 1980;
Cools et al., 1983; Shehab et al., 1995). These data suggest that the
deep SC/Me is regulated by GABA innervation, presumably from
the SNr (Deniau and Chevalier, 1984), and that removal of this
inhibition can produce dramatic motor behaviors, including a
markedly enhanced startle response. Because SNr neurons are
tonically active (Deniau et al., 1978; Gulley et al., 1999), they would
maintain a constant level of GABA tone in the deep SC/Me. Phasic
removal of this GABA tone at the level of the deep SC/Me,
pharmacologically (with local infusion of GABA antagonists) or by
inhibition of the SNr (via D1 agonist-induced activation of
GABAergic striatonigral neurons), may mediate the expression of
these motor responses (Chevalier and Deniau, 1990), including an
increase in the acoustic startle response. Moreover, the fact that
GABAergic SNr neurons projecting to the deep SC/Me are toni-
cally active also would explain why local infusion of muscimol into
the deep SC/Me had no effect by itself on baseline startle
amplitude.

Although the animals were generally more active (sniffing and
licking), there was no significant increase in activity levels with
bicuculline infused into the deep SC/Me in the present study.
Others, however, have shown an increase in circling behavior with
unilateral infusion of GABA antagonists into the deep SC (Geula
and Asdourian, 1984; Speller and Westby, 1996). Because unilat-
eral blockade of GABA transmission in the deep SC/Me may
produce hemispheric asymmetries and thus circling behavior, the
bilateral bicuculline infusions used in the present study may have
avoided this condition. However, both the expression of circling
behavior and the enhancement of startle by bicuculline in the deep
SC/Me show similar short-duration time courses with effects that
rapidly decline to baseline by 15 min after infusion (Speller and
Westby, 1996).

Muscimol in the deep SC/Me and the enhancement of
startle by SKF 82958
The results of the present study also suggest that the deep SC/Me
is involved in the enhancement of startle by the dopamine D1
agonist SKF 82958. This finding is consistent with a number of
studies showing a reduction in dopamine agonist-stimulated behav-
iors after lesions of the deep SC (Pope et al., 1980; Redgrave et al.,
1980; Morelli et al., 1981; Kilpatrick et al., 1982) Because blockade
of GABA transmission in the deep SC/Me elicits motor behaviors
resembling those seen after the administration of dopamine ago-
nists, including an enhancement of startle (present study), we
addressed the possibility that removal of GABA tone at this level
may mediate the enhancement of startle by SKF 82958. This
hypothesis is supported by the observation that GABA levels in the
deep SC are reduced after systemic administration of dopamine
agonists (Melis and Gale, 1983). We found that pharmacological
inactivation of neurons in the deep SC/Me with local infusion of
muscimol blocked the enhancement of startle by SKF 82958 at high
intensities for the duration of the 1-hr-long test. At the lower
intensities the enhancement of startle by SKF 82958 was blocked by
muscimol in the deep SC/Me over the first 15 min after SKF 82958
injection, after which time a significant increase in activity may
have obscured this blockade. Imperato and Di Chiara (1981) have
observed a similar phenomenon in which muscimol infused into
the mesencephalic reticular formation had no effect on behavior
alone but blocked certain components of apomorphine-induced
behaviors (sniffing, licking) with a concomitant expression of hy-
permotility. Because we observed the increase in activity produced
by muscimol/SKF 82958 treatment to develop gradually over 20
min, it is possible that muscimol may be diffusing outside the deep
SC/Me to a more caudal area of the mesencephalic reticular
formation described by the studies of Imperato and Di Chiara
(1981).

The use of a series of controls in the present study supports the
anatomical and pharmacological specificity of a GABA-mediated

mechanism at the level of the deep SC/Me involved in the en-
hancement of startle by SKF 82958. Whereas muscimol infused
into the deep SC/Me blocked SKF 82958-enhanced startle, this
same dose of muscimol (0.1 mg) had no effect when infused into the
superficial SC, another area shown to contain GABAA receptors
(Pinard et al., 1990). Likewise, infusion of the dopamine D1 an-
tagonist SCH 23390 into the deep SC/Me had no effect on the
enhancement of startle by SKF 82958. The superior colliculus of
the rat has been shown to contain a small population of dopamine
receptors (Weller et al., 1987) and receives a dopamine-containing
input from the substantia nigra (Takada et al., 1988). However,
unlike the complete blockade of SKF 82958-enhanced startle seen
after infusion of this dose of SCH 23390 (1 mg) into the SNr
(Meloni and Davis, 1997), it appears that D1 receptors in the deep
SC/Me play no role in the enhancement of startle by SKF 82958.
We examined the effects of the AMPA receptor antagonist NBQX
in the deep SC/Me because of a report of an excitatory drive from
the cerebellum to the deep SC (Westby et al., 1993) and the report
that local infusion of glutamate into this area can elicit various
motor responses (Dean et al., 1988a). However, we found no effect
of NBQX in the deep SC/Me on the enhancement of startle by
SKF 82958. These data also suggest that the blockade seen with
muscimol is not attributable to presynaptic inhibition (via GABAA
receptors) of a glutamatergic drive in the deep SC/Me. However,
further studies are needed to test the involvement of NMDA and
metabotropic glutamate receptors in the deep SC/Me in the en-
hancement of startle by SKF 82958.

Figure 6. A model of dopamine D1 agonist-enhanced startle. On the basis
of the results of the present study, together with previous work from our
laboratory, we have proposed a striatonigral–tectal–reticular pathway me-
diating the effects of dopamine D1 agonists on startle. According to this
model (after Chevalier and Deniau, 1990), the activation of striatonigral D1
receptors (on the cell bodies and terminals of these neurons) by SKF 82958
facilitates GABA release in the substantia nigra pars reticulata (SNr). This
in turn leads to an inhibition of the tonically active (indicated by stippling)
GABA-containing output neurons of the SNr and a disinhibition of nigral
targets such as the deep layers of the superior colliculus/mesencephalic
reticular formation (deep SC/Me). Disinhibition of a putative excitatory
input from the deep SC/Me to the acoustic startle circuit at the level of the
nucleus reticularis pontis caudalis (PnC) could account for the increase in
startle. Behaviorally, the model is supported by the following observations:
(1) both SCH 23390 and bicuculline infused into the SNr have no effect on
baseline startle but block the enhancement of startle by SKF 82958 (Meloni
and Davis, 1997), (2) local infusion of muscimol into the SNr increases
startle (Meloni and Davis, 1997), (3) local infusion of bicuculline into the
deep SC/Me increases startle (present study), and (4) local infusion of
muscimol into the deep SC/Me has no effect on baseline startle but blocks
the enhancement of startle by SKF 82958 (present study). CRN, Cochlear
root neurons.
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A model of dopamine D1 agonist-enhanced startle
A major aim of the research in our laboratory has been to identify
the neural circuits and mechanisms underlying dopaminergic mod-
ulation of the startle reflex. On the basis of the results of the
present study, together with previous work from our laboratory
implicating the SNr in SKF 82958-enhanced startle (Meloni and
Davis, 1997), we have proposed a striatonigral–tectal–reticular
pathway mediating the effects of dopamine D1 agonists on startle.
According to this model, illustrated in Figure 6, activation of
GABA-containing striatonigral neurons by SKF 82958 acting at D1
receptors in the striatum (Hernández-López et al., 1997) would
provide the drive needed for GABA release in the SNr (Biggs et
al., 1995). In addition, systemic SKF 82958 also would activate D1
receptors located on the terminals of these neurons where it is
believed they act to facilitate GABA release in the SNr (Floran et
al., 1990; Aceves et al., 1992; Radnikow and Misgeld, 1998; Ma-
tuszewich and Yamamoto, 1999). This leads to an inhibition of the
tonically active output neurons of the SNr that contain GABA and
a disinhibition of nigral targets such as the deep SC/Me. Because
the SNr does not project directly to the startle pathway (our
unpublished observations), disinhibition of a putative excitatory
input from the deep SC/Me to the startle circuit at the level of the
PnC (Meloni and Davis, 1999b) could account for the increase in
startle. In addition, by restoring GABA tone in the deep SC/Me
with muscimol, we prevent this SNr-mediated disinhibition and
block the enhancement of startle by SKF 82958. Thus, this model
fits the proposal by Chevalier and Deniau (1990) that GABAergic
disinhibition at the level of the deep SC/Me serves as mechanism
for the expression of basal ganglia-generated behaviors, including
the enhancement of startle by dopamine D1 agonists.
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