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Abstract
Rationale Prepulse inhibition (PPI) refers to the reduction of
the startle response magnitude when a startling stimulus is
closely preceded by a weak stimulus. PPI is commonly used
to measure sensorimotor gating. In rats, the PPI reduction
induced by the dopamine agonist apomorphine can be re-
versed by systemic administration of nicotine. A high concen-
tration of nicotinic receptors is found in the lateral habenula
(LHb), an epithalamic structure with efferent projections to
brain regions involved in the modulation of PPI, which has
been shown to regulate the activity of midbrain dopamine
neurons.
Objectives The prospective role of nicotinic receptors in the
LHb in the regulation of PPI was assessed in this study, using
different pharmacological models of sensorimotor gating
deficits.
Methods Interactions between systemic amphetamine and
haloperidol and intra-LHb infusions of mecamylamine
(10 μg/side) or nicotine (30 μg/side) on PPI were analyzed
in Experiments 1 and 2. Intra-LHb infusions of different nic-
otine doses (25, and 50 μg/side) and their interactions with
systemic administration of amphetamine or dizocilpine on PPI
were examined in Experiments 3 and 4.
Results Infusions of nicotine into the LHb dose-dependently
attenuated amphetamine-induced PPI deficits but had no ef-
fect on PPI disruptions caused by dizocilpine. Intra-LHb mec-
amylamine infusions did not affect PPI nor interact with do-
paminergic manipulations.

Conclusions These results are congruent with previous re-
ports of systemic nicotine effects on PPI, suggesting a role
of the LHb in the attenuation of sensorimotor gating deficits
caused by the hyperactivity of dopamine systems.
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Introduction

Sensorimotor gating refers to the modulation of motor re-
sponses observed when multiple sensory stimuli are presented
in rapid succession (Swerdlow et al. 2000). One form of startle
plasticity commonly used to assess sensorimotor gating exper-
imentally is prepulse inhibition (PPI). PPI is a neuropsycho-
logical phenomenon in which the motor response to a startling
stimulus (pulse) is significantly reduced when that stimulus is
closely preceded in time by another usually weaker stimulus
(prepulse).

The neural and behavioral mechanisms underlying startle
response are well documented. The neural circuit that medi-
ates the acoustic startle response consists of an excitatory
pathway in which neurons in the caudal pontine reticular nu-
cleus (PnC) receive acoustic input from cochlear root neurons
and project to the motor neurons to produce the startle re-
sponse (Lingenhöhl and Friauf 1994). The PnC also receives
inhibitory projections from neurons in the pedunculopontine
tegmental nucleus (PPTg), where acoustic information is re-
layed from the inferior and superior colliculi (Carlson and
Willott 1996; Fendt 1999). This mediatory circuit of the
acoustic startle response and PPI (excitatory and inhibitory
pathways) receives projections from a number of different
brain structures that can modulate PPI, through direct or indi-
rect projections to the PPTg (Bmodulatory circuit^; Koch
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1999). These areas include the nucleus accumbens (NAC;
Swerdlow et al. 1990a), ventral tegmental area (VTA; Zhang
et al. 1995), hippocampus (Bakshi and Geyer 1998; Japha and
Koch 1999), amygdala (Decker et al. 1995), raphe nuclei
(RN) (Kusljic et al. 2003), and medial prefrontal cortex
(MPFC) (Bubser and Koch 1994). Since patients with various
neuropsychiatric disorders exhibit impaired sensorimotor gat-
ing as well as dysfunction in brain regions that modulate PPI,
studying the contribution of specific neurotransmitters on PPI
may aid in the development of treatments with potential ther-
apeutic applications (Swerdlow et al. 2000).

The habenula complex is an epithalamic structure that re-
ceives afferent connections from limbic brain regions and pro-
jects to brainstem structures (Hikosaka et al. 2008), providing
feedback control over the modulation of brainstem dopamine
and serotonin systems. The lateral part of the habenula (LHb)
has direct projections to dopamine and serotonin brain re-
gions, such as the VTA and RN (Hikosaka et al. 2008), struc-
tures that have modulatory influences on PPI (Koch 1999) and
that have been linked to anxiety and stress, as well as cognitive
function (Lowry et al. 2008). Heldt and Ressler (2006)
showed that PPI in mice increased following fear conditioning
training, whereas PPI in animals that received electrolytic le-
sions of the habenula did not change after conditioning. Con-
ditioned fear stress has been shown to increase the concentra-
tion of extracellular dopamine in the MPFC (Yoshioka et al.
1996), and dopamine innervation of the MPFC can affect the
activity of the NAC (Jaskiw and Weinberger 1987). Infusion
of the indirect dopamine agonist amphetamine into the MPFC
reduces dopamine in the NAC (Louilot et al. 1989; Jaskiw
et al. 1991), and lesions that deplete dopamine from the
NAC can reverse the amphetamine-induced disruption of
PPI in rats (Swerdlow et al. 1990b). So, stress-induced in-
creases of dopamine in the MPFC could lead to reduced levels
of dopamine in the NAC and enhanced PPI levels. Since ad-
ministration of clozapine to habenula-lesioned mice resulted
in PPI levels similar to control animals, Heldt and Ressler’s
(2006) results suggest an involvement of the habenula in the
regulation and maintenance of appropriate PPI levels through
the modulation of monoamine systems.

The LHb contains a high concentration of nicotinic
receptors (Rainbow et al. 1984). Sanders et al. (2010)
showed that chronic infusion of the nicotinic receptor
antagonist mecamylamine into the LHb increases mem-
ory errors in a radial arm maze task, an effect that
could be reversed by the systemic administration of nic-
otine. Based on these findings, together with those
showing the role of the LHb on the regulation of dopa-
mine systems (e.g., Christoph et al. 1986; Heldt and
Ressler 2006) and the efferent connections of this struc-
ture to brain areas involved in the modulation of PPI
(Hikosaka et al. 2008), the goal of the present study
was to analyze the contribution of nicotinic receptors

in the LHb on the regulation of PPI using animal
models of sensorimotor gating deficits.

The effects on PPI of localized infusions into the LHb of
the nicotinic antagonist mecamylamine (Experiment 1) and
the nicotinic agonist nicotine (Experiments 2 and 3) were test-
ed against systemic dopaminergic drugs (amphetamine and
haloperidol on Experiments 1 and 2; amphetamine on
Experiment 3). Previous studies have shown that (a) electrical
stimulation of the LHb results in reduced activity of dopamine
neurons in the VTA (Christoph et al. 1986), and (b) excitation
of LHb neurons can inhibit dopamine neurons, but inhibition
of LHb neurons does not trigger excitation of dopamine neu-
rons (Matsumoto and Hikosaka 2007). Therefore, it was hy-
pothesized that nicotine infusions would improve the PPI def-
icits induced by the amphetamine treatment, and that meca-
mylamine infusions would have no effect or further decrease
PPI. Based on the results of Experiment 2, the nicotine dose
range was increased in Experiment 3 and tested against the
same systemic amphetamine treatment. In Experiment 4, the
effects on PPI of localized infusions into the LHb of nicotine
were tested against a systemic NMDA/glutamatergic antago-
nist drug (dizocilpine), in order to assess the role of the
habenula in the modulation of PPI through a dopamine-
independent mechanism.

Methods

Subjects Female Sprague–Dawley rats (one set of animals
(n=12) for Experiments 1 and 2 and a different set (n=12)
for Experiments 3 and 4) were obtained from the Charles
River Laboratories (Raleigh, NC, USA). Animals were
housed in groups of three per cage (before surgery) or indi-
vidually (after surgery) at an ambient temperature of 20 °C on
a 12:12 h reverse dark–light cycle (lights off at 0700 h) and
had ad libitum access to water and food. Rats were acclimated
to the housing facilities for 2 weeks after arrival and exposed
to the test context and experimental apparatus before testing
sessions began. Mean rat weight at the time of surgery was
275 g and varied between 280 and 320 g during behavioral
tests.

Experimental design The interactions between systemic do-
paminergic manipulations and nicotinic receptors in the
habenula on PPI were analyzed in Experiments 1 and 2. In
Experiment 1, animals received subcutaneous (SC) injections
of saline, amphetamine, or haloperidol after local LHb infu-
sions of artificial cerebrospinal fluid (ACSF) or nicotinic re-
ceptor antagonist mecamylamine (10 μg/side; Decker and
Majchrzak 1992). In Experiment 2, rats received local LHb
infusions of ACSF or nicotine (30 μg/side; Craft and
Millholland 1998) with systemic SC administration of the
same drugs used in Experiment 1. In Experiments 3 and 4,
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the effects on PPI of SC administration of amphetamine
(Experiment 3) or dizocilpine (Experiment 4) after local
LHb infusions of a larger nicotine dose in the habenula were
analyzed. In each experiment, all possible combinations of
systemic drug treatment and LHb infusion were given using
a repeated-measures counterbalanced (Latin-square) design,
in order to (a) test behavioral responses randomly across the
different phases of the estrous cycle and (b) reduce the poten-
tial impact of drug carryover effects following repeated test
sessions. Within each experiment, every animal received all
treatment combinations. The animals were maintained accord-
ing to NIH guidelines, and protocols were approved by the
Duke University Animal Care and Use Committee.

Surgery and local lateral habenular infusions The proce-
dure to implant the chronic guide cannulae took place after
two baseline PPI sessions. The coordinates for the LHb nuclei
were determined based on Pellegrino et al.’s (1979) atlas:
anterioposterior (AP), −1.8 mm from bregma; mediolateral
(ML), ± 1 mm from midline; dorsoventral (DV), −4.75 mm
from the skull surface. Cannula implantation surgery was
done in a manner as described previously (Kutlu et al.
2013). In order to minimize tissue damage, guide cannulae
tips were set 1 mm dorsal to the target infusion site. After
surgery, animals were allowed to recover for a week before
testing started. Before the beginning of each PPI session,
drugs were administered using infusion cannulae whose tips
extended 1 mm ventrally beyond the end of the guide cannu-
lae. Drugs were dissolved in ACSF (which was administered
by itself as control), and the total infusion volume of 1 μl/side/
session was delivered over 180 s. For the different ex-
periments, infusion treatments consisted of the follow-
ing: Experiment 1, ACSF and mecamylamine (mecamyl-
amine HCl; (Sigma, St. Louis, MO, USA); 10 μg/side
as of salt weight); Experiment 2, ACSF and nicotine
ditartrate (Sigma, St. Louis, MO, USA); 30 μg/side as
of salt weight); Experiment 3, ACSF and nicotine
ditartrate (25 and 50 μg/side); Experiment 4, ACSF
and nicotine ditartrate (50 μg/side). After all PPI ses-
sions were completed, placement of the infusion cannu-
lae was verified by performing histological sections of
the animals’ brains.

Systemic drug administration Following LHb infusions,
systemic drugs were administered subcutaneously in a 1 ml/
kg volume of saline vehicle, alone or in combination with the
drug dose to be analyzed (saline-alone injections were used as
control). Injections on consecutive test days were adminis-
tered on alternating sides of the animal’s body to prevent po-
tential tissue lesions. For the different experiments, systemic
drug treatments consisted of the following: Experiments 1 and
2, saline, amphetamine (amphetamine sulfate salt; (Sigma, St.
Louis, MO, USA); 1 mg/kg as of salt weight) and haloperidol

(haloperidol HCl; (Abbott Labs, Abbott Park, IL, USA);
0.1 mg/kg as of salt weight); Experiment 3, saline and am-
phetamine (1 mg/kg); Experiment 4, saline and dizocilpine
(dizocilpine hydrogen maleate; (Sigma, St. Louis, MO,
USA); 0.05mg/kg as of salt weight). Drugs were administered
10 min before the beginning of the acclimation period of each
test session, and test sessions were conducted 2–3 days apart
to allow for complete drug washout between successive
sessions.

Apparatus Acoustic startle responses were measured and
PPI levels calculated using the Med Associates Startle Reflex
System (St. Albans, VT, USA). The equipment included cy-
lindrical acrylic restraining devices to confine the animals
(7.6 cm inside diameter), harnessed on top of piezoelectric
platforms inside sound-attenuating chambers. Each platform
was calibrated using a spinner-type calibrator (Med Associ-
ates Startle Calibrator). Data from the platforms measuring
animals’ responses were collected in 1-s time windows begin-
ning 200 ms prior to the onset of the startling stimuli and
sampled at a 1-KHz frequency. Auditory stimuli were present-
ed through speakers located within the chambers midway
along the long axis of the acrylic restraints. The sound inten-
sity of the speaker in each chamber was calibrated before test
sessions (Digital Sound Level Meter, Extech Instruments,
Wilmington, NC, USA). The white background noise was
set at 65 dB.

Startle and prepulse inhibition procedure Behavioral tests
started with a 5-min acclimation period in which animals were
exposed only to the 65-dB background white noise. Three
blocks of trials were presented following the acclimation pe-
riod, with trials consisting of either (a) a single startling acous-
tic stimulus (20-ms, 120-dB white noise burst; pulse-alone
trial), or (b) an acoustic prepulse stimulus (20-ms white noise
burst of one of three possible intensities: 68, 71, or 77 dB)
followed by the startling acoustic noise (prepulse-pulse trial).
In prepulse-pulse trials, prepulses were presented 100 ms be-
fore the pulse stimuli (lead interval). In Block 1, 6 pulse-alone
trials were presented in order to habituate and stabilize the
animals’ responses. In Block 2, 48 trials were randomly pre-
sented: 12 pulse-alone and 36 prepulse-pulse trials (12
prepulse-pulse trials for each of the 3 prepulse intensities).
Block 3 consisted of 5 additional pulse-alone trials. The inter-
trial interval varied randomly between 10 and 20 s in all
blocks. Data from trials in Block 2 were used to determine
response amplitudes and PPI. Startle response amplitude was
calculated as the difference between the maximum wave am-
plitude in a 200-ms window after pulse onset and the maxi-
mum wave value during the 100-ms interval pre-stimulus pre-
sentation (null period). Prepulse inhibition was calculated as
the ratio of the difference in response amplitude in pulse-alone
and prepulse-pulse trials to the startle response in pulse-alone
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trials, multiplied by 100. That is, PPI (%)=100* (pulse-alone
response amplitude – prepulse-pulse response amplitude)/
pulse-alone response amplitude. Including LHb infusion and
drug administration, test sessions lasted approximately
35 min.

Data analysis Repeated-measures analysis of variance
(ANOVA) tests were used to assess the effects of systemic
drug administration, local LHb infusion, and their interactions
on the startle response amplitude. Analyses of PPI for all ex-
periments included the same factors as those employed for the
startle amplitude, with the addition of prepulse intensity. Sig-
nificant interactions were followed up by post-hoc tests com-
paring the impact of the individual treatments and their com-
binations using Tukey’s honest significant difference (HSD)
tests. A p value of 0.05 was used as the threshold for statistical
significance, and interactions with p<0.10 were followed up
by tests of simple main effects (Snedecor and Cochran 1967).
When the number of levels of a repeated-measure factor was
larger than two, Mauchly’s test was used to verify the validity
of the sphericity assumption and to determine if Greenhouse–
Geisser corrections needed.

Results

Experiment 1

Histological verification of cannulae placement after behav-
ioral testing for the first set of 12 rats revealed one unsuccess-
ful infusion case. In addition, one rat did not recover from the
surgical procedure. Therefore, only data from 10 animals were
included in the subsequent analyses. The combined effects on
PPI of mecamylamine infusion into the habenula and systemic
dopaminergic treatments are shown in Fig. 1. A 3×2×3
ANOVA test on PPI (systemic treatment: saline, 1 mg/kg am-
phetamine, and 0.1 mg/kg haloperidol×local lateral habenular
infusion into the habenula: ACSF and 10 μg/side mecamyl-
amine × prepulse intensity: 68, 71, and 77 dB) revealed

significant main effects of systemic drug treatment (F(2,
18)=60.46, p<0.0001; χ2(2)=1.82, p>0.4) and prepulse in-
tensity (F(2,18)=46.92, p<0.0001; χ2(2)=2.36, p>0.3), and
a trend toward a significant interaction between those factors
(F(4,36)=2.46, p=0.06; χ2(9)=6.4, p>0.7). Subsequent anal-
yses showed that, when compared to saline, amphetamine
decreased PPI (57.15 % and 23.53 % respectively,
p<0.0002). Increasing prepulse intensities resulted in larger
inhibition levels (40.23 %, 46.46 %, and 60.29 % for 68, 71,
and 77 dB prepulses). Mecamylamine infusion into the
habenula did not affect PPI, nor did it interact with any other
factors.

As shown in Table 1, startle responses were not affected by
drug treatment or LHb infusion. A 3×2 ANOVA test on re-
sponse amplitude (systemic treatment: saline, 1 mg/kg am-
phetamine, and 0.1 mg/kg haloperidol × LHb infusion into
the habenula: ACSF and 10 μg/side mecamylamine) revealed
no significant main effect of systemic drug administration,
LHb infusion, or an interaction between factors.

Experiment 2

Figure 2 shows the combined effects on PPI of nicotine infu-
sion into the habenula and systemic dopaminergic treatments.
A 3×2×3 ANOVA test on PPI (systemic treatment: saline,
1 mg/kg amphetamine, and 0.1 mg/kg haloperidol × local
LHb infusion into the habenula: ACSF and 30 μg/side nico-
tine × prepulse intensity: 68, 71, and 77 dB) revealed signif-
icant main effects of systemic drug treatment (F(2,18)=68.4,
p<0.0001; χ2(2)=0.09, p>0.95) and prepulse intensity (F(2,
18)=93.04, p<0.0001; χ2(2)=2.16, p>0.34), and a trend to-
ward a significant interaction between systemic treatment and
local LHb infusion (F(2,18)=2.8, p=0.08; χ2(2)=0.67,
p>0.71), mainly due to a non-significant increase in PPI after
amphetamine administration when nicotine was infused into
the LHb compared to the ASCF condition (p=0.09). Subse-
quent analyses showed that, when compared to saline, am-
phetamine decreased PPI (71.0 % and 31.65 % respectively,
p<0.0002), and that increasing prepulse intensities resulted in

Fig. 1 Effects on PPI of
mecamylamine (Mec) infusion
into the habenula and systemic
dopaminergic manipulations.
Data represent mean values
(± SEM). *Denotes significant
differences in PPI of systemic
treatment from saline condition,
p<0.0002
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larger inhibition levels (44.76 %, 55.94 %, and 70.62 % for
68, 71, and 77 dB prepulses). Nicotine infusion into the
habenula did not significantly affect overall PPI, nor did it
interact with prepulse intensity. No other significant interac-
tions were found.

Nicotine infusion caused a reduction in startle response
magnitude (Table 1). A 3×2 ANOVA test on response ampli-
tude (systemic treatment: saline, 1 mg/kg amphetamine, and
0.1 mg/kg haloperidol × local lateral habenular infusion into
the habenula: ACSF and 30 μg/side nicotine) revealed a sig-
nificant main effect of nicotine infusion (F(1,9)=6.49,
p<0.04) but not of systemic drug administration or an inter-
action between factors.

Experiment 3

Histological verification of cannulae placement after behav-
ioral testing for the second set of 12 rats revealed two unsuc-
cessful infusion cases. Therefore, only data from 10 animals
were included in the subsequent analyses. The effects on PPI
of nicotine infusions into the habenula and systemic amphet-
amine administration are shown in Fig. 3. A 2×3×3 ANOVA
test on PPI (systemic treatment: saline and 1 mg/kg amphet-
amine × local lateral habenular infusion into the habenula:

ACSF, 25 μg/side, and 50 μg/side nicotine × prepulse inten-
sity: 68, 71, and 77 dB) revealed significant main effects of
systemic amphetamine administration (F(1,9)=107.07,
p<0.0001), prepulse intensity (F(2,18)=29.76, p<0.0001;
χ2(2)=1.50, p>0.47), and a significant interaction between
amphetamine and nicotine infusion into the habenula (F(2,
18)=5.95, p<0.011; χ2(2)=0.41, p>0.81). Overall PPI was
lower after amphetamine (17.1 %) than saline administration
(57.4 %), and subsequent analyses showed that increasing
prepulse intensities resulted in larger inhibition levels
(27.67 %, 35.87 %, and 48.19 % for 68, 71, and 77 dB
prepulses). With ACSF infusions, amphetamine administra-
tion decreased PPI levels when compared to the saline condi-
tion (4.66 % and 61.24 %, p<0.0002). This amphetamine-
induced decrease in PPI was significantly counteracted when
nicotine was infused into the habenula (26.13 %, p<0.05),
though this improvement in PPI was not sufficient to reach
control levels (p<0.001). Nicotine infusion did not signifi-
cantly affect overall PPI, nor did it interact with prepulse in-
tensity. No other significant interactions were found.

As shown in Table 1, startle responses were not affected by
systemic drug treatment or local lateral habenular infusion. A
2×3 ANOVA test on response amplitude (systemic treatment:
saline and 1 mg/kg amphetamine × local lateral habenular

Table 1 Mean startle amplitude (SEM) on pulse-alone trials for the different combinations of systemic administrations and localized drug infusions
analyzed (Experiments 1–4)

Systemic drug Drug infusion into the habenula

Experiment 1 Experiment 2

ACSF Mecamylamine (10 μg/side) ACSF Nicotinea (30 μg/side)

Saline 917.8 (112.9) 1058.6 (143.1) 764.4 (96.8) 591.6 (51.5)

Amphetamine (1 mg/kg) 816.9 (108.9) 744.0 (119.4) 576.4 (105.4) 575.6 (104.4)

Haloperidol (0.1 mg/kg) 989.2 (93.6) 740.4 (93.9) 848.5 (99.0) 699.9 (91.2)

Experiment 3 Experiment 4

ACSF Nicotine (25 μg/side) Nicotine (50 μg/side) ACSF Nicotine (50 μg/side)

Saline 977.3 (99.53) 889.5 (107.9) 753.9 (100.6) 906.0 (79.3) 808.3 (82.7)

Amphetamine (1 mg/kg) 743.6 (113.6) 750.4 (106.9) 792.3 (84.2)

Dizocilpine (0.05 mg/kg) 937.2 (116.4) 878.8 (86.1)

aMain effect of drug infusion into the habenula (nicotine < ACSF) on startle magnitude in pulse-alone trials in Experiment 2 (p<0.05)

Fig. 2 Effects on PPI of nicotine
(Nic) infusion into the habenula
and systemic dopaminergic
manipulations. Data represent
mean values (± SEM). *Denotes
significant differences in PPI of
systemic treatment from saline
condition, p<0.0002
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infusion into the habenula: ACSF, 25 μg/side, and 50 μg/side
nicotine) revealed no significant main effect of systemic drug
administration, local lateral habenular infusion, or an interac-
tion between factors.

Experiment 4

Figure 4 shows the combined effects on PPI of nicotine infu-
sions into the habenula and systemic dizocilpine administra-
tion. A 2×2×3 ANOVA test on PPI (systemic treatment: sa-
line and 0.05 mg/kg dizocilpine × local lateral habenular in-
fusion into the habenula: ACSF and 50 μg/side nicotine ×
prepulse intensity: 68, 71, and 77 dB) revealed significant
main effects of systemic dizocilpine administration (F(1,9)=
34.09, p<0.0005), prepulse intensity (F(2,18)=24.24,
p<0.0001; χ2(2)=1.80, p>0.4), and a significant interaction
between dizocilpine and nicotine infusion into the habenula
(F(1,9)=11.29 p<0.01). Overall PPI was lower after
dizocilpine (42.92 %) than saline administration (63.31 %),
and subsequent analyses showed that increasing prepulse in-
tensities resulted in larger inhibition levels (43.55%, 52.66 %,

and 63.14 % for 68, 71, and 77 dB prepulses). With ACSF
infusions, dizocilpine administration decreased PPI levels
when compared to the saline condition (38.8 % and 67.9 %,
p<0.0005). This dizocilpine-induced decrease in PPI was not
counteracted when nicotine was infused into the habenula.
Nicotine infusion did not significantly affect overall PPI, nor
did it interact with prepulse intensity. No other significant
interactions were found.

Startle responses were not affected by systemic drug treat-
ment or LHb infusion (Table 1). A 2×2 ANOVA test on re-
sponse amplitude (systemic treatment: saline and 0.05 mg/kg
dizocilpine × local LHb infusion into the habenula: ACSF and
50 μg/side nicotine) revealed no significant main effect of
systemic drug administration, nicotine infusion, or an interac-
tion between factors.

Discussion

When tested against dopaminergic models of sensorimotor
gating deficits, nicotine has been shown to dose-dependently

Fig. 3 Effects on PPI of nicotine (Nic) infusions into the habenula and
systemic amphetamine administration. Data represent mean values (±
SEM). *Denotes significant differences in PPI of systemic treatment
from saline condition, p<0.0001. +p<0.0002 compared with the saline/

ACSF condition (three-way ANOVA followed by Tukey’s HSD test).
xp<0.05 compared with the amphetamine/ACSF condition (three-way
ANOVA followed by Tukey’s HSD test)

Fig. 4 Effects on PPI of nicotine
(Nic) infusions into the habenula
and systemic dizocilpine
administration. Data represent
mean values (± SEM). *Denotes
significant differences in PPI of
systemic treatment from saline
condition, p<0.0005
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reverse the deficits in PPI induced by dopamine agonist apo-
morphine (Suemaru et al. 2004). In agreement with these find-
ings, nicotine infusion into the LHb in the present experiments
did not affect overall PPI levels but significantly attenuated
the PPI deficits induced by systemic administration of am-
phetamine. In Experiment 3, when animals were administered
amphetamine, 50 μg/side nicotine infusions significantly in-
creased PPI when compared to ACSF infusions (p<0.05),
whereas the effects of amphetamine on PPI was not signifi-
cantly altered by 25 μg/side nicotine infusions (Experiment
2). These results suggest that the LHb may be a brain structure
involved in the observed beneficial effects of systemic nico-
tine administration on sensorimotor gating deficits caused by
dysregulation of midbrain dopamine systems.

The NAC is a brain region where several neurotransmitter
systems converge (Koch 1999), and therefore a main structure
in the regulation of PPI and the most likely substrate for the
PPI deficits observed in systemic treatments with dopamine
agonists (Swerdlow et al. 1992). One important source of
dopaminergic input to the NAC is the VTA (Swanson 1982),
a target structure of the LHb (Hikosaka et al. 2008). Using a
Breward-based visual saccade task^, Matsumoto and Hikosaka
(2007) reported that in unrewarded trials neural activity of
LHb neurons increased and was followed by a decrease of
activity of midbrain dopamine neurons. Similarly, Christoph
et al. (1986) found that electrical stimulation of LHb neurons
in anesthetized rats inhibited dopamine neurons in the VTA
and substantia nigra compacta. Therefore, the activation of
nicotinic receptors in the LHb after nicotine infusions in Ex-
periments 2 and 3 could have resulted in the attenuation of the
amphetamine-induced PPI deficits by inhibiting dopamine
neurons in the VTA, decreasing dopamine levels in the NAC
and increasing PPI.

Nicotine infusion into the LHb, despite being able to sig-
nificantly attenuate the PPI deficit induced by amphetamine,
could not restore PPI to control levels. It is possible that infu-
sions of higher doses of nicotine than those used in Experi-
ments 2 and 3 could result in a more complete restoration of
PPI, as suggested by the increased enhancement of PPI ob-
served with increasing doses of nicotine. Another possibility
is that the complete restoration of apomorphine-induced PPI
deficits after systemic administration of nicotine (Suemaru
et al. 2004) is achieved by the activation of nicotinic receptors
in brain regions other than the LHb, or by the interaction of
nicotine with other neurotransmitter systems that affect PPI
(such as glutamate; Toth et al. 1993). Future experiments will
be needed in order to determine the neural mechanisms by
which nicotine can fully counteract the deleterious effects of
dopamine agonists on PPI.

In Experiment 1, mecamylamine infusions into the LHb
did not affect overall PPI levels, in line with previous studies
showing that mecamylamine administration does not produce
significant changes in PPI (Curzon et al. 1994; Jones and

Shannon 2000), nor did it interact with systemic dopaminergic
manipulations. In Matsumoto and Hikosaka’s (2007) study,
inhibition of habenula neurons did not trigger the excitation
of midbrain dopamine neurons. Therefore, inhibition of LHb
neurons by mecamylamine in Experiment 1 may have not
altered dopamine levels in the NAC, accounting for the ab-
sence of an interaction between mecamylamine infusions and
dopaminergic manipulations on PPI. The absence of signifi-
cant effects of mecamylamine in Experiment 1 could also be
due to a lack of tonic cholinergic activation, rendering block-
ade of nicotinic receptors in the LHb ineffective in the modu-
lation of PPI.

Dizocilpine has been shown to strongly disrupt PPI (e.g.,
Mansbach and Geyer 1989), with different brain regions me-
diating this effect, including the amygdala, dorsal hippocam-
pus and to a lesser degree, the MPFC (Bakshi and Geyer
1998). Systemic administration of nicotine has been shown
to reverse apomorphine-induced PPI deficits but not PPI def-
icits caused by NMDA receptor antagonist phencyclidine
(Suemaru et al. 2004). In line with these findings, the results
of Experiment 4 show that dizocilpine effectively disrupted
PPI, and that 50 μg/side nicotine infusions into the LHb could
not reverse this disruption. Furthermore, since PPI deficits
caused by NMDA receptor antagonists are not mediated by
dopamine systems (Keith et al. 1991), the results of the present
experiments provide additional support to the view that the
LHb can attenuate sensorimotor gating deficits through the
regulation of dopaminergic systems. It should be noted that
the dizocilpine-induced PPI deficit in Experiment 4 was weak-
er than those induced by amphetamine and may have reduced
the ability to detect potential effects of habenular nicotine
infusions. However, there was a 29 % decrease in PPI after
dizocilpine administration when compared to saline with
ACSF infusions, a disruption greater to that observed in pre-
vious studies in which dizocilpine-induced PPI deficits were
effectively counteracted by idazoxan (e.g., Larrauri and Levin
2012a, 20 % PPI decrease).

Previous studies have shown that PPI deficits induced
by increased dopamine activity in the NAC are mediated
by GABAergic projections from the NAC to the ventral
pallidum (VP), which, in turn, modulates PPI though de-
scending GABAergic projections to the PPT (Swerdlow
et al. 1990c; Kodsi and Swerdlow 1997). Since the LHb
exerts inhibitory control over serotonin neurons in the RN
(Hikosaka et al. 2008), it is possible that the observed
attenuation of amphetamine-induced PPI deficits in Ex-
periments 2 and 3 may reflect reduced serotonin levels
in the VP from RN neurons after nicotine infusions into
the LHb. The results of Experiment 4 are consistent with
this view, since PPI deficits induced by NMDA receptor
antagonists are not mediated by the NAC-VP projections
(Kretschmer and Koch 1998) and thus, nicotine receptors
on the LHb would not be able to modulate dizocilpine-
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induced PPI deficits through the RN-VP pathway. Future
studies will be needed in order to determine the potential
involvement of serotonin transmission in the habenula-
mediated attenuation of PPI deficits.

Female rats were used in the experiments in order to main-
tain consistency with previous studies analyzing the contribu-
tion of different neurotransmitter systems in the regulation of
PPI (e.g., Larrauri and Levin 2012a). Female Sprague–
Dawley rats exhibit similar startle responses and PPI levels
to those of male animals (Swerdlow et al. 1993) but maintain
a relatively more constant weight throughout adulthood (Bell
and Zucker 1971), leading to more stable response ampli-
tudes. PPI in Sprague–Dawley rats has been shown to be
lower during proestrous when compared to estrous or dies-
trous (Koch 1998), but the phase of the estrous cycle becomes
a random variable when a Latin-square counterbalanced de-
sign is used, minimizing potential confounding effects
(Larrauri and Levin 2012b).

The results of these experiments show, in sum, that activa-
tion of nicotinic receptors in the LHb can attenuate PPI deficits
induced by dopamine agonists. Nicotine has been reported to
normalize sensory gating in schizophrenic patients and their
relatives by improving the diminished gating of P50 evoked
potentials to auditory stimuli (Adler et al. 1992, 1993), and the
potential beneficial effects of nicotine in schizophrenic pa-
tients have been supported by studies using PPI models of
sensorimotor gating deficits in schizophrenia (Suemaru et al.
2004). However, the exact role of nicotinic receptor systems in
the modulation of sensorimotor gating remains unclear. The
present results suggest that the habenula may play an impor-
tant role in the regulation of dopamine neurons in the midbrain
and contribute to the attenuation of deficits in sensorimotor
gating caused by the hyperactivity of dopamine systems.
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