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ABSTRACT

Title of the Thesis: The Effects of Nicotine on MK-801-induced
Attentional Deficits: An Animal Model of
Schizophrenia
Jennifer M. Phillips, Master of Science, 2002
Thesis directed by: Neil E. Grunberg, Ph.D.
Professor

Department of Medical and Clinical Psychology

The present study consisted of three experiments. Experiment 1
examined the effects of acute nicotine (0, 0.1 or 0.5 mg/kg) on the acoustic
startle reflex (ASR) and pre-pulse inhibition (PPI) in animals treated with MK-801,
an NMDA antagonist that models schizophrenic attentional deficits. Experiment
2 examined the effects of acute nicotine (0, 0.01 or 1.0 mg/kg) on ASR and PPI
in MK-801-treated animals. Experiment 3 examined the effects of chronic
nicotine (0 or 6.0 mg/kg/day) on ASR and PPI in animals treated with MK-801.
MK-801 consistently disrupted attention by increasing ASR and decreasing PPI
in all experiments. Nicotine failed to consistently attenuate these attentional
disruptions. Nicotine had no significant effects on ASR or PPI at any dosage and
attenuated the decrease in PPl caused by MK-801 only in a single set of startle
parameters. These findings suggest that this model of attentional deficits in

schizophrenia is not affected by nicotine.
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INTRODUCTION

Overview of Schizophrenia

Schizophrenia is a mental health disorder that affects approximately 2.2
million adults in the United States each year (Narrow, 1998). There are roughly
300,000 acute schizophrenic episodes every year in the United States (Stahl,
2000). Prevalence of schizophrenia is estimated to be approximately 1.0-1.3%,
based upon data from various studies including the Epidemiological Catchment
Area study (ECA) and the National Comorbidity Study (NCS) (USDHHS, 1999;
APA, 2000). Support for a gender bias in schizophrenia is mixed with hospital-
based studies suggesting a higher rate of the disorder in men, but community-
based studies reporting approximately equal rates of the disorder across the
genders. Schizophrenia tends to have a later onset and a better prognosis in
women (Hafner et al., 1998; APA, 2000; Leung & Chue, 2000).

The cause of schizophrenia is not known although many theories have
been proposed to explain this disorder. Immediate biological relatives of people
with schizophrenia are approximately 10 times more likely to develop the
disorder than members of the general population, suggesting a strong influence
of genetics; substantial differences in disorder development rates among
identical twins, though, emphasizes the importance of environmental factors
(USDHHS, 1999; APA 2000). This has led researchers to propose that
schizophrenia is caused by a genetic susceptibility in conjunction with outside
stressors, the diathesis-stress model (Zubin & Spring, 1977). This model is

currently the most well-accepted explanation for schizophrenia (USDHHS, 1999).



According to the Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV-TR), the essential features and symptoms of schizophrenia can be
divided into two categories: positive (symptoms that are present) and negative
(the absence of normal behaviors) (APA, 2000). Positive symptoms are
generally characterized by an exaggeration or distortion of normal functions and
include delusions, hallucinations, disorganized speech, and catatonic behavior.
The negative symptoms of schizophrenia are characterized by a decrease or loss
of normal functioning. Examples of negative symptoms include flat affect, alogia
- a restriction in the productivity of thought and speech, and avolition - a lack of
initiation and goal-directed behavior. In addition, schizophrenics are often
characterized by deficits in attention and information processing (Braff & Geyer,

1990; Braff, Swerdlow, & Geyer, 1995; Heinrichs & Zakzanis, 1998).

Treatments for Schizophrenia

Although there is no cure for schizophrenia, several types of treatments,
including pharmacologic and psychosocial options, are available. Medication is
a common form of treatment for schizophrenics and is often relied upon to control
the thought disorders, hallucinations, and delusions associated with the disorder.
Medications can be used to decrease the symptomatology of schizophrenia to
allow for the application of other forms of treatment, such as a psychosocial
intervention.

The pharmacological treatment of schizophrenia is based upon a

serendipitous finding from the 1950s. An antihistamine, chlorpromazine, was



observed to have antipsychotic effects when used in schizophrenic patients.
Chlorpromazine (Thorazine) is a “conventional antipsychotic,” or a neuroleptic - a
class of drugs that also includes Haloperidol (Haldol) (Dixon, Lehman, & Levine,
1995; Love, 1996; Stahl, 2000). Conventional antipsychotics are rarely
prescribed now because of their negative side effects including: cognitive and
neurologic deficits (such as sedation, confusion, and tardive dyskinesia),
gastrointestinal, cardiovascular, and endocrinological side effects (Gerlach, 1999;
Bezchlibynyk-Butler & Jeffries, 2000; Kane, 2001).

The “novel antipsychotics,” such as Risperidone (Risperdal), Clozapine
(Clozaril), and Olanzapine (Zyprexa), were introduced in the mid 1990s and are
more commonly prescribed today. There are still significant problems with
cognitive and neurologic function in these patients although they are not as
severe as those associated with the conventional antipsychotics (Gerlach, 1999;
Bezchlibynyk-Butler & Jeffries, 2000; Kane, 2001).

Pharmacotherapy improves many of the symptoms of schizophrenia, but it
does so at the price of significant negative side effects and has limited effects on
the social impairments that characterize the disorder and limit normal functioning
in those afflicted (Huxley, Rendall, & Sederer, 2000). Psychosocial therapy has
been more successful in easing these impairments and facilitating normal social
functioning in schizophrenic patients. Cognitive behavioral therapy (CBT), family
and group therapy, as well as psychoanalysis have positive effects and enhance
functioning (Huxley, Rendall, & Sederer, 2000; Marder, 2000; Rector & Beck,

2001). However, pharmacological interventions, and their accompanying side



effects, are often necessary to control the thought-disordered symptoms of the
patients before these psychosocial interventions can be effective.

Although both pharmacotherapy and psychosocial therapies alleviate
some of the symptoms of schizophrenia, there are still aspects of the disorder
that remain resistant to treatment. Treatment to date has relied upon a process
of symptom management rather than a cure for the disorder. In consideration of
these deficits, as well as the detrimental side effects of certain existing
treatments, continued research into alternative effective, low-risk treatments is

necessary.

Schizophrenia and Cigarette Smoking

The tendency for individuals suffering from mental health disorders to
abuse drugs has frequently been reported (Helzer & Pryzbeck, 1988; Regier et
al., 1993; Batel, 2000). The Epidemiologic Catchment Area Study (ECAS)
estimated lifetime rates of substance abuse and addictions to range from 32 to
56% in those suffering from major psychiatric disorders such as Bipolar Disorder,
Major Depressive Disorder, and Schizophrenia (Regier et al., 1993). The
estimate of lifetime prevalence of illicit drug use in the general population is
approximately 38% (Substance Abuse and Mental Health Services Association,
2000).

Schizophrenics, in particular, abuse drugs and alcohol (Dixon, Haas,
Weiden, Sweeney, & Frances, 1991; Batel, 2000). One commonly used drug in

schizophrenic patients is tobacco, predominantly in the form of cigarette



smoking. Although various studies note different prevalence rates for smoking in
schizophrenia, they are all substantially higher than the prevalence of smoking in
the general population which has remained at approximately 24% over the past
decade (CDC, 2001). In a study of 277 psychiatric outpatients compared with
local and national population based samples, schizophrenics were found to have
a smoking rate of 88%. The control population smoked at a rate of
approximately 30%, much closer to the national average (Hughes, Hatuskami,
Mitchell, & Dahlgren, 1986). A study of 360 inpatient psychiatric patients, male
and female, revealed that schizophrenic patients smoked at a rate of 88%,
significantly greater than those with non-schizophrenic diagnoses (67%) (de
Leon, Dadvand, Canuso, White, Stanilla, & Simpson, 1995). Additional inpatient
and outpatient studies have further supported this high prevalence of smoking in
schizophrenics, finding prevalence rates between 68 and 78% (Goff, Henderson,
& Amico, 1992; Ziedonis, Kosten, Glazer, & Frances, 1994).

Several explanations have been proposed for the greater prevalence of
cigarette smoking in schizophrenics. One hypothesis postulates that there may
be a biologic or genetic predisposition in certain individuals that makes them
susceptible to schizophrenia and drug addictions (Batel, 2000). The dopamine-
opioid neurotransmission system has been implicated in both schizophrenia and
in addiction and may explain the high prevalence of their co-occurrence (Batel,
2000).

A second hypothesis for the increased rates of cigarette smoking in

schizophrenics is that schizophrenics may use cigarette smoking to modulate the



symptoms of the disorder as well as possible side effects of the drugs used in its
treatment (Goff, Henderson, & Amico, 1992; Dalack, Healy, & Meader-Woodruff,
1998; Batel, 2000). This hypothesis is known as the self-medication hypothesis.
It has been proposed that smoking may decrease the anxiety, tension, and
dysphoria common in schizophrenia (Batel, 2000) in addition to regulating
affective deficits (Blanchard, Squires, Henry, Horan, Bogenschutz, Lauriello, et
al., 1999). There is some evidence that smoking may facilitate social integration
and relationships (Smith, 1996), alleviate medication side effects, particularly
extrapyramidal side effects (Goff, Henderson, & Amico, 1992; Batel, 2000), and
attenuate cognitive and attentional impairments (Newhouse & Hughes, 1991) in

schizophrenics.

Cigarette Smoking

Approximately 24% of the American population currently smokes (CDC,
2001). Smoking has been linked to cardiovascular diseases, respiratory
diseases, and various cancers (CDC, 1997). Smokers also are more likely to die
from their problems. Smokers are three times as likely as non-smokers to die
from coronary heart disease and are more than 10 times as likely to die from lung
cancer (CDC, 1993). It is estimated that between 1990 and 1994, 2.1 million
people in the United States died as a result of smoking-related health problems
(CDC, 1997). Despite these grim statistics and the well-publicized health risks
associated with smoking, the prevalence of smoking and smoking initiation has

not changed dramatically in the past 20 years.



The principal explanation for continued smoking behavior is the reinforcing
nature of nicotine use. Nicotine, the primary psychoactive ingredient in tobacco
products and tobacco smoke, is recognized as a highly addictive substance
(USDHHS, 1988). The psychopharmacologic effects of nicotine are highly
reinforcing and diverse and act to relieve the unpleasant withdrawal symptoms
associated with nicotine abstinence in regular smokers (Rose, 1996). Addiction
to nicotine is believed to be the primary cause of persistent smoking behavior,
despite adverse health effects.

While nicotine addiction provides a substantive argument for the
maintenance of smoking behavior, there are several additional reasons for
initiation and maintenance of this behavior. Social aspects of smoking appear to
play a large role in these processes as well. Modeling of peers and family
members consistently predicts cigarette use, especially in adolescent populations
(USDHHS, 1994). Additional social pressures to smoke include perception of
other smokers, the perceived instrumental value of smoking, and a risk-taking or
rebellious nature (Camp, Klesges, & Relyea, 1993). Smokers often cite a
reduction in stress and anxiety as a major reason for smoking (Frith, 1971;
Spielberger, 1986; USDHHS, 1988). Finally, externally motivating factors, such
as the tendency for smoking to decrease body weight, may also play a role in the
decision to initiate and maintain cigarette smoking (Grunberg, 1990; Camp,
Klesges, & Relyea, 1993).

In addition to the biological and social mechanisms that contribute to

cigarette smoking, the effects of smoking on cognitive and attentional abilities



may contribute to maintenance of this behavior. Nicotine, delivered via cigarette
smoking, enhances various cognitive processes, including attention. Nicotine-
addicted smokers, when deprived of nicotine, experience impaired attentional
and cognitive abilities that can be restored by reinstatement of the drug
(Heishman, 1999).

In smokers and non-smokers, administration of nicotine is reported to
enhance attention. Nicotine, administered subcutaneously or through cigarette
smoking, has been reported to improve speed and accuracy in both smokers and
non-smokers on the rapid visual information processing test (Wesnes &
Warburton, 1983; Wesnes & Warburton, 1984; Foulds, Stapleton, Swettenham,
Bell, McSorley, & Russel, 1996). Nicotine also reportedly improved response
speed on the Stroop task in abstinent smokers and never smokers (Perkins,

Grobe, Epstein, Caggiula, Stiller, & Jacob, 1993).

Acoustic Startle Reflex and Pre-pulse Inhibition

The acoustic startle reflex (ASR) and pre-pulse inhibition of this reflex
(PP1) are believed to be behavioral responses that can be used to index cognitive
processes such as information processing and attention (Acri, Grunberg, &
Morse, 1991; Acri, 1994; Acri, Morse, Popke, & Grunberg, 1994; Acri, Brown,
Saah, & Grunberg, 1995; Faraday, O'Donoghue, & Grunberg, 1999a; Faraday,
2000; Swerdlow, Braff, Geyer, & Koob, 1986). The acoustic startle response is a
reflexive response present in all mammals that is characterized by an involuntary

series of muscular responses to a sudden, intense acoustic stimulus (Davis,



1984). The ASR can be obtained using the same stimuli across species,
including humans and rats (Swerdlow, Braff, Taaid, & Geyer, 1994). This
paradigm has good face validity and generalizes from an animal model to human
responses (Swerdlow, Caine, Braff, Taaid, & Geyer, 1992).

Pre-pulse inhibition (PPI) of the acoustic startle response (ASR) is
achieved by presenting a non-startling acoustic stimulus shortly before the
startling stimulus. A non-startling pre-pulse presented in such a manner results
in measurably reduced startle responses (Braff, Stone, Callaway, Geyer, Glick, &
Bali, 1978). Consistent with the acoustic startle reflex, PPl occurs in rats and
humans. PPl is believed to measure sensorimotor gating, a mechanism by
which an organism is able to select relevant stimuli from the environment while
ignoring irrelevant information (Swerdlow, Caine, Braff, & Geyer, 1992).

Nicotine affects both of these behavioral responses. Pre-treatment with
nicotine enhances ASR amplitude and increases PPl in male and female rats
(Acri, 1994; Acri et al., 1994; Popke, 1996). These findings are consistent with
reports that nicotine may enhance attention in smokers and non-smokers in
many differing tasks, including ASR and PPI. Subcutaneous nicotine
administered to healthy male non-smokers increased PPI in a dose-reponse
manner (Kumari, Cotter, Checkley, & Gray, 1997). PPl was reportedly reduced
in healthy, male overnight smoking-deprived smokers; cigarette smoking after
deprivation restored PPI to pre-deprivation levels (Kumari, Checkley, & Gray,
1996). Smoking also reportedly enhances PPI in healthy male and female non-

smokers, deprived smokers, and smoking-smokers in a gender dependent



manner. Ad libitum smoking enhanced PPl in male smokers relative to male
non-smokers. In females, deprivation reduced PPI and smoking restored it
(Della Casa, Hofer, Weiner, & Feldon, 1998).

Deficits in ASR and PPI also have been used to measure cognitive and
attentional problems associated with various mental disorders. Schizophrenics in
particular are often characterized by deficits in attention and information
processing (Braff & Geyer, 1990; Braff, Swerdlow, & Geyer, 1995; Heinrichs &
Zakzanis, 1998). Studies of schizophrenic patients report a significant deficit in
PPI that appears to support the presence of impaired sensorimotor gating in this
population (Geyer & Braff, 1987; Braff & Geyer, 1990; Braff, Grillon, & Geyer,
1992). PPI deficits are also consistent with self-reported attentional difficulties in

schizophrenics.

Animal Models

Animal models are used frequently in research to approximate human
conditions and allow for experimental manipulations and control that would be
impossible in clinical research. They have been used to model a variety of
mental health conditions, including depression and anxiety (Treit, 1985; Palanza,
2001) schizophrenia, and substance abuse. The research that is pertinent to the
present studies includes animal models of tobacco use and schizophrenia.

Tobacco abuse: Models of tobacco and nicotine abuse utilizing multiple

species, particularly rodents, have made significant contributions to this area of

research. Self-administration of nicotine in rodents has been used to explore
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factors such as predisposition to nicotine dependence and to develop treatment
strategies (Rose & Corrigall, 1997; Corrigall, 2001). A chronic model of
prolonged nicotine administration in rodents is reported to have effects on
multiple behaviors including analgesia (Carstens, Anderson, Simons, Carstens,
Mirela, & Jinks, 2001), activity and exploration (Faraday, Scheufele, Rahman, &
Grunberg, 1999), social interaction (Scheufele, Faraday, & Grunberg, 2000),
attention (Acri, Brown, Saah, & Grunberg, 1995), and body weight and food
consumption (Grunberg, Bowen, Maycock, & Nespor, 1985), among others. An
acute model of nicotine administration, daily injections, is reported to have effects
on several behavioral indices as well, including attention as measured by PPI
(Acri, Morse, Popke, & Grunberg, 1994), as well as operant tasks and cognitive
processing (Popke, Mayorga, Fogle, & Paula, 2000).

Schizophrenia: Schizophrenia also has been modeled in animals through

various paradigms. These models are commonly not intended to model the
entirety of the disorder in an animal. A general animal model of schizophrenia
would be extremely difficult to produce given the strong emphasis on thought-
disordered and self-report symptoms. They are more often designed to examine
a particular deficit or symptom associated with the disorder, or a potential
mechanism for its development (Marcotte, Pearson, & Srivastava, 2001). Models
of schizophrenia are frequently used to test the ability of certain drugs to
attenuate related symptoms. The testing of antipsychotics in animal models also

is valuable to confirm the validity of the models themselves.
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Past animal models of schizophrenia have used a variety of procedures to
mimic various aspects of the disease. Manipulation of the social environment
(Weiss & Feldon, 2001) and direct lesioning of the brain (Marcotte et al., 2001)
are examples of models reported to replicate certain aspects of schizophrenia.
The newest models tend to mimic the biological phenomenon of the disease,
particularly those associated with cortical developmental changes, genetic
characteristics, and abnormalities of glutamate transmission (Lipska &
Weinberger, 2000).

Manipulations of the acoustic startle reflex (ASR) and pre-pulse inhibition
(PPI) paradigms have been used specifically to model the attentional difficulties
in schizophrenia (Swerdlow & Geyer, 1998; Weiss & Feldon, 2001). These
measures in rodents have been demonstrated to be a valid model of human
responses to similar stimuli in normal and schizophrenic individuals (Braff &
Geyer, 1990).

MK-801 Model: The MK-801 model of the attentional deficits in

schizophrenia combines two areas of schizophrenic modeling. MK-801, or
dizocilpine, is an NMDA antagonist related in structure and actions to
phencyclidine and ketamine. The use of this drug to model schizophrenic
symptoms is based upon the glutamate hypothesis of schizophrenia. This
hypothesis proposes that a glutamatergic hypofunction is an underlying cause of
schizophrenia. MK-801 and related drugs have been reported to produce
psychotic-like effects in humans (Lahti, Koffel, LaPorte, & Tamminga, 1995) and

abnormal behaviors in rodents (Willets, Balster, & Leander, 1990) consistent with
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previous animal models of schizophrenia. For example, MK-801 has been
reported consistently to produce increases in the acoustic startle reflex and
decreases in pre-pulse inhibition consistent with those observed in schizophrenic
patients (Bakshi, Swerdlow, & Geyer, 1994; Varty & Higgins, 1995; Feifel, Reza,
Woustro, & Davis, 1999; Varty, Bakshi, & Geyer, 1999). These attentional
deficits, in addition to other schizophrenic-like behaviors induced by MK-801
administration in rodents, may be antagonized by various typical and atypical
antipsychotic medications (Arnt & Skarsfeldt, 1998; Smith, Boyer-Miller, &
Goudie, 1999; Varty, Bakshi, & Geyer, 1999). These results lend further support
to the use of MK-801, and the resulting attentional deficits, as a valid animal
model of the attentional disruptions of schizophrenia.

Nicotine and the MK-801 Model: Other pharmacological agents may be

effective to attenuate certain behaviors resulting from MK-801 administration.
NIH Swiss mice exhibit discrete episodes of explosive jumping behavior
described as “popping” following MK-801administration. This behavior has been
proposed as a potential pre-clinical paradigm for the screening of novel
antipsychotic medications. Both nicotine and mecamylamine, a nicotinic
antagonist, reportedly block this “popping” behavior (Tizabi, Mastrapaolo, Park,
Riggs, Powell, Rosse, & Deutsch, 1998). The ability of nicotine to block the
occurrence of this behavior suggests that it may be of therapeutic benefit in the
treatment of schizophrenia and psychotic behaviors, consistent with the self-

medication hypothesis of tobacco use by schizophrenics.
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The present experiments were conducted to examine the effects of pre-
treatment with nicotine on sensorimotor and attentional deficits in the MK-801
animal model of the attentional deficits associated with schizophrenia.
Experiment 1 examined the effects of nicotine administered acutely (0, 0.1 or 0.5
mg/kg) on the acoustic startle reflex (ASR) and pre-pulse inhibition (PPI) in
animals treated with MK-801, an NMDA antagonist used to model attentional
deficits associated with schizophrenia. Experiment 2 examined the effects of
nicotine administered acutely (0, 0.01 or 1.0 mg/kg) on ASR and PPI in animals
treated with MK-801. Experiment 3 examined the effects of nicotine
administered chronically (0 or 6.0 mg/kg/day) on ASR and PPI in animals treated
with MK-801.

It was hypothesized that nicotine administration would attenuate the
enhancement of ASR and reverse deficits in PPl caused by treatment with MK-
801. The hypothesized results would indicate a potential role of nicotine to
alleviate some of the cognitive difficulties experienced by schizophrenics and

would support the self-medication hypothesis.
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EXPERIMENT 1

Overview

The purpose of Experiment 1 was to examine effects of acutely
administered nicotine on the acoustic startle response (ASR) amplitude and pre-
pulse inhibition (PPI) of acoustic startle in animals treated with MK-801, an
NMDA receptor antagonist in a 2 (0 or 0.15 mg/kg MK-801) x 3 (0, 0.1, or 0.5
mg/kg nicotine) factorial design. Previous studies of animals treated with MK-
801 have reported increased ASR amplitude and decreased PPI, suggesting that
MK-801 may interrupt attentional processes and cause deficits in sensorimotor
gating (Bakshi, Swerdlow, & Geyer, 1994; Varty & Higgins, 1995; Feifel, Reza,
Woustro, & Davis, 1999; Varty, Bakshi, & Geyer, 1999). Based on previous
studies of the effects of acute nicotine on ASR and PPI (Acri, Morse, Popke, &
Grunberg, 1994; Popke, 1996), it was hypothesized that administration of 0.1
mg/kg or 0.5 mg/kg acute nicotine would counter these MK-801-induced deficits.

Following acclimation and baseline exposures to the acoustic startle
equipment, animals were assigned to experimental conditions. On the day of
testing, all animals received injections of nicotine (0, 0.1, or 0.5 mg/kg) and MK-
801 (0 or 0.15 mg/kg) before being exposed to the startle and pre-pulse stimuli.
Trials composed of a startle stimulus, 110 dB or 120 dB, with and without pre-
pulse stimuli, 68 dB or 82 dB, were presented in a random order. ASR amplitude
was measured using an interfaced computer while PPl was determined

mathematically using ASR data from trials with and without pre-pulse stimuli.
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Hypotheses

Hypothesis 1: It was hypothesized that MK-801 administration would
significantly increase ASR amplitude.

Rationale: Several studies have reported a significant increase in the acoustic
startle reflex of rats following administration of MK-801 (0.1 — 0.3 mg/kg) (Bakshi

et al., 1994; Varty & Higgins, 1995; Feifel et al., 1999; Varty et al., 1999).

Hypothesis 2: It was hypothesized that MK-801 administration would
significantly decrease percent PPI.

Rationale: A significant decrease in PPl has been reported following
administration of MK-801 (0.1 — 0.3 mg/kg) in multiple studies (e.g. Bakshi et al.,

1994; Varty & Higgins, 1995; Feifel et al., 1999; Varty et al., 1999).

Hypothesis 3: It was hypothesized that nicotine would significantly decrease the
ASR amplitude.
Rationale: Acri et al. (1994) reported a decrease in the acoustic startle reflex of

animals treated with acute doses of nicotine (0.5 mg/kg and higher).

Hypothesis 4: It was hypothesized that nicotine would significantly increase
percent PPI.
Rationale: Acri et al. (1994) reported significant increases in percent PPl in

animals treated with acute nicotine (0.001 and 0.01 mg/kg). In addition, Popke
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(1996) reported that animals treated acutely with 0.5 mg/kg nicotine had greater

PPI than did saline controls.

Hypothesis 5: It was hypothesized that there would be a significant Nicotine X
MK-801 interaction for percent PPI.

Rationale: Based upon previous findings that nicotine increases PPI while MK-
801 decreases it, it was hypothesized that an interaction would result such that
animals receiving both nicotine and MK-801 would demonstrate greater PPI than
those receiving MK-801 alone. Nicotine was hypothesized to effectively minimize

or reverse the effects of MK-801 on PPI.

Methods
Subjects

Subjects were 61 adult male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA). Male subjects were used for several reasons
including to prevent an unmanageable study size and to avoid hormonal variation
related to the estrus cycle in females. In addition, hospital-based studies suggest
that schizophrenia is more prevalent in males than females (APA, 2000). There
were 10 animals per cell (11 animals in the MK-801/saline group). This cell size
was based upon previous research that reported significant effects of acute
nicotine (Acri, 1992; Acri et al., 1994; Popke, 1996) and MK-801 (Al-Amin &
Schwarkopf, 1996; Varty, Bakshi, & Geyer, 1999) on ASR and PPI. Animals

were aged 50-52 days and weighed 225-250 g at the beginning of the
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experiment. All subjects were pair-housed in standard polypropylene rectangular
cages (35.6 cm x 15.2 cm x 20.3 cm) on hardwood chip bedding (Pine-Dri) with
continual access to food (Harlan Teklad 4% Mouse/Rat Diet 7001) and water.
The housing room was maintained on a 12-hour reverse light/dark cycle (lights

on at 1730 hours) at a temperature of 23°C and 50 percent relative humidity.

Equipment

The acoustic startle reflex (ASR) and pre-pulse inhibition (PPI) were
measured using the Med Associates Acoustic Response Test System (Med
Associates, Georgia, VT). The equipment consisted of eight weight-sensitive
platforms located inside separate sound-attenuated and ventilated chambers.
Subjects were placed in cylindrical Plexiglas holders that were then affixed to the
weight-sensitive platforms. The holders were sized to allow animals room to turn
around and make other small movements, but to restrict large movements and
extensive locomotion. The movements and weight displacement of subjects in
response to stimuli were measured and recorded by an interfaced computer.
Responses were recorded as the maximum response or weight displacement
within 200 ms following the onset of the startle-eliciting stimulus.

Subjects experienced a 3-minute adaptation period following placement of
the holders into the individual chambers during which no startle stimuli or pre-
pulses were presented. Startle stimuli were white noise bursts of either 110 or
120 dB with a duration of 20 ms. These startle stimuli were sometimes preceded

by 100 ms by pre-pulses of 68 or 82 dB, 1kHz pure tones. A low and high startle

18



and pre-pulse stimuli were chosen in an attempt to capture potential drug effects
over a range of stimuli. These startle and pre-pulse stimuli values were chosen
based on literature reporting significant effects of nicotine (Faraday et al., 1999a;
1999b) and MK-801 (Bakshi, Swerdlow, & Geyer, 1994; Varty & Higgins, 1995;
Feifel et al., 1999; Varty et al., 1999) on ASR and PPI at stimuli of these
magnitudes. Startle and pre-pulse stimuli decibel levels were verified by a
Larson-Davis Sound Pressure Machine Model 2800 (Provo, Utah). There were
six trial types: 1) 110 dB stimulus alone, 2) 120 dB stimulus alone, 3) 110 dB
stimulus preceded by 68 dB pre-pulse, 4) 120 dB stimulus preceded by 68 dB
pre-pulse, 5) 110 dB stimulus preceded by 82 dB pre-pulse, and 6) 120 dB
stimulus preceded by 82 dB pre-pulse. Testing consisted of eight presentations
of each of the six trial types in a randomly assigned order. This resulted in a total
of 48 experimental trials with inter-trial intervals varying randomly from 10-30
seconds. The entire testing period lasted approximately 27 minutes. These
stimuli and pre-pulse values were chosen based on their wide use in the
literature and previous research that has shown significant effects of nicotine,
MK-801, and other manipulations on ASR and PPI (Acri, Grunberg, & Morse,
1991; Acri et al., 1994; Bakshi et al., 1994; Bakshi & Geyer, 1995; Faraday,
2000).

The equipment used to measure ASR was recalibrated between
experiments, resulting in a different baseline platform sensitivity for each set of
animals. This procedure does not affect the analysis of data within each of the

three individual experiments. It does, however, limit comparisons of data
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between any of the discrete experiments. It should be noted that ASR values for
these experiments differ significantly, but this does not affect the interpretation of
PPI. PPl is expressed as a percent reduction in ASR, not an absolute ASR

value.

Drug Administration

Nicotine at one of two different doses (0.1 or 0.5 mg/kg) or physiological
saline (0.9% saline) was administered to subjects via a subcutaneous injection
(SC) located on the animal’s dorsal side, between the shoulder blades. These
dosages were chosen based on previous work that reported significant effects of
nicotine on ASR and PPI using nicotine dosages in this range (Acri et al., 1994;
Popke, 1996) as well as ongoing research in our laboratory (Elliott, Phillips,
Faraday, & Grunberg, 2001; Elliott, Faraday, & Grunberg, 2002). These two
particular dosages were selected to represent a mid-range of doses that would
likely be effective based upon previous research that has shown them to
significantly affect various behavioral measures (Elliott et al., 2001; Elliott et al.,
2002). Nicotine solutions were prepared using nicotine dihydrochloride with
physiological saline as a vehicle and were calculated and expressed in terms of
the nicotine base. Nicotine solutions were pH-adjusted to match the pH of
physiological saline (6.5-7.0) using a 1 molar disodium phosphate (Na;HPO4)
solution.

Dizocilpine (MK-801) (0.15 mg/kg) or physiological saline was

administered via an intra-peritoneal (IP) injection 5 minutes post-nicotine
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injection. This dosage was chosen based on previously reported findings that
this dosage effectively increases ASR and decreases PPl in Sprague-Dawley
rats (Bakshi et al., 1994; Bakshi & Geyer, 1995; Feifel et al., 1999). The MK-801
solution was prepared using dizocilpine maleate (Sigma-Aldrich/RBI, St. Louis,
MO) with physiological saline as a vehicle and was calculated and expressed in

terms of the dizocilpine base.

Data Collection Procedure

Subjects were gentled for two days following arrival from the supplier to
minimize stress effects during testing. They were then acclimated three times to
the equipment in a procedure in which subjects were placed in the acoustic
startle apparatus and exposed to noise stimuli for approximately 24 minutes.
The acclimation period is intended to minimize any effect of exposure to novel
stimuli on the acoustic startle response (Faraday & Grunberg, 2000). Two days
after the final acclimation exposure, baseline measures of ASR and PPI were
collected.

Using the baseline ASR and PPI data, as well as current body weight
data, each subject was assigned to an experimental condition, either saline
control or one of two dosages (0.1 or 0.5 mg/kg) of nicotine. Subjects were
assigned to ensure that each experimental group had comparable initial body
weight as well as comparable baseline ASR and PPl measures.

Experimental data were collected on the second day following baseline

testing. Subjects received a subcutaneous injection of either nicotine (0.1 or 0.5
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mg/kg) or saline followed 5 minutes later by an intraperitoneal injection of either
MK-801 (0.15 mg/kg) or saline. After a 10-minute waiting period, animals were
placed in Plexiglas holders and into the individual startle chambers. Acoustic

startle amplitude data were then collected.

Data Analytic Strategy

Responses for individual animals were averaged across the eight trials
within each of the six trial types. The acoustic startle response (ASR) was
measured directly as the magnitude of platform displacement for trials with startle
stimuli but no pre-pulses. Percent pre-pulse inhibition (PPI) was determined by
subtracting the amplitude of trials with startle stimuli preceded by pre-pulses from
the amplitude of trials with equivalent startle stimuli, but no pre-pulses. This
difference was then converted to a percentage through the following equation:
[(amplitude of trial without pre-pulse) — amplitude of trial with pre-pulse) /
(amplitude of trial without pre-pulse)] (Acri, 1992; Acri, 1994). These calculations
were performed for each animal on every day of data collection.

Data from the acute drug administration day, both ASR in the form of
startle amplitude and PPI expressed as percent pre-pulse inhibtion, were
analyzed using multivariate analyses of variance (MANOVAS) (Acri, 1992;
Faraday, O'Donoghue, & Grunberg, 1999). Univariate analyses of variance
(ANOVASs) were performed when significant multivariate effects were found. All

tests were two-tailed, with alpha < 0.05.
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Results
Acoustic Startle (ASR) and Pre-pulse Inhibition (PPI)

Mean acoustic startle reflex amplitudes for each group are presented in
Figures 1a-1b. Figures 1c-1f display mean percent pre-pulse inhibition for all
groups.

The data for the acoustic startle amplitude to both 110 dB and 120 dB
violated the criteria of homogeneity of variance according to Levene’s Test of
Equality of Error Variances. These data were subsequently subjected to log
transformation that corrected the homogeneity of variance problems. The results
presented for the acoustic startle amplitude are based on the log-transformed
data.

Multivariate tests revealed that there was no significant effect of nicotine
on the startle amplitude or percent pre-pulse inhibition at any of the startle or pre-
pulse parameters. There was a significant main effect of MK-801 on startle
amplitude [F(2,54) = 22.63, p<0.05] and on percent pre-pulse inhibition [F(4,52) =
10.10, p<0.05]. Subsequent ANOVAs were performed for each trial type.

Startle Amplitude to 110 dB. Animals receiving MK-801 startled more
than those that received saline, [F(1,55) = 36.10, p<0.05].

Startle Amplitude to 120 dB. Administration of MK-801 decreased the
amount of PPI relative to animals treated with saline, [F(1,55) = 41.71, p<0.05].

Percent PPI to a startle of 110 dB and a pre-pulse of 68 dB.
Administration of MK-801 decreased the amount of PPI relative to saline

controls, [F(1,55) = 23.95, p<0.05].
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Percent PPI to a startle of 120 dB and a pre-pulse of 68 dB. Animals
receiving MK-801 had less PPI than saline-treated animals, [F(1,55) = 25.75,
p<0.05].

Percent PPI to a startle of 110 dB and a pre-pulse of 82 dB.
Administration of MK-801 decreased the amount of PPI relative to saline
controls, [F(1,55) = 32.11, p<0.05.

Percent PPI to a startle of 120 dB and a pre-pulse of 82 dB. MK-801-

treated animals exhibited less PPI than saline controls, [F(1,55) = 23.30, p<0.05].

Discussion

Experiment 1 investigated the effects of nicotine on MK-801-induced
sensorimotor gating deficits, as measured by ASR amplitude and percent PPI.
More specifically, this experiment was designed to investigate the effects of
nicotine on an animal model of the attentional difficulties associated with
schizophrenia in humans.

The hypothesis that administration of MK-801 would increase startle
amplitude was supported. Subjects receiving MK-801 exhibited significantly
greater startle amplitudes to the 110 dB and 120 dB startle stimuli compared with
animals not receiving MK-801. This finding is consistent with previous reports
that MK-801 increases startle amplitude (Bakshi et al., 1994; Varty & Higgins,
1995; Bakshi & Geyer, 1995; Feifel et al., 1999; Varty et al., 1999).

The hypothesis that treatment with MK-801 would decrease sensorimotor

gating as measured by PPI also was confirmed. Animals receiving MK-801
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displayed significantly smaller percent PPI to all startle and pre-pulse stimuli
relative to those animals that were not administered MK-801. This finding also is
consistent with previous work reporting decreased PPI in rats receiving MK-801
(Bakshi et al., 1994; Varty & Higgins, 1995; Bakshi & Geyer, 1995; Feifel et al.,
1999; Varty et al., 1999).

The hypothesis that nicotine administration would significantly decrease
startle amplitude was not confirmed in this experiment. This finding is partially
inconsistent with previous research in the area. Acri et al. (1994) reported that
acute administration of nicotine at doses of 0.5 mg/kg and higher significantly
decreased startle amplitude relative to saline controls, but 0.1 mg/kg nicotine had
no significant effect on startle.

The hypothesis that nicotine would increase percent PPI also was not
confirmed. This finding is partially inconsistent with previous research. Acri et
al. (1994) reported that acute administration of nicotine at low doses resulted in
an increase in percent PPI relative to saline controls, but results were not
significant at dosages above 0.01 mg/kg. Popke (1996) reported that acute
nicotine increased PPI in rats receiving nicotine (0.5 mg/kg) and exposed to a
122 dB startle stimulus (Popke, 1996).

Finally, the hypothesis that there would be a significant Nicotine X MK-801
interaction was not confirmed. There were no significant interactions of nicotine
and MK-801 for either ASR or percent PPI for any of the startle and pre-pulse

parameters tested.
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The failure of nicotine to alter the attentional effects of MK-801 appears to
be a real phenomenon and not a result of power. Although the observed power
was low, observed effect sizes for these results also were low (partial eta-
squared values < 0.065 for all variables), indicating that even with an increase in
power, a significant effect of nicotine and significant nicotine x MK-801
interactions would be difficult to find.

However, it could be that the nicotine dosages used in Experiment 1 were
not appropriate to alter the attentional effects of MK-801. Acri et al. (1994) used
a wide spectrum of acute nicotine dosages ranging from 0.001 to 5.0 mg/kg
nicotine while the present experiment used only two mid-range dosages. These
dosages, 0.1 and 0.5 mg/kg nicotine, may have been too high or too low to
produce the behavioral changes that were anticipated. These significant
behavioral changes resulting from nicotine administration, including increased
PPI, may be necessary if nicotine is to minimize or reverse the sensorimotor
deficits caused by MK-801.

Experiment 2 addresses these dosage issues. The effects of both a
lower, 0.01 mg/kg, and a higher, 1.0 mg/kg, dose of nicotine on ASR and PPl in

MK-801-treated animals were examined in Experiment 2.
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EXPERIMENT 2

Overview

The purpose of Experiment 2 was to examine the effects of acute nicotine
on the acoustic startle response (ASR) amplitude and pre-pulse inhibition (PPI)
of acoustic startle in animals treated with MK-801, an NMDA receptor antagonist
ina 2 (0 or 0.15 mg/kg MK-801) x 3 (0, 0.01, or 1.0 mg/kg nicotine) factorial
design. Previous studies of animals treated with MK-801 have reported
increased ASR amplitude and decreased PPI, suggesting that MK-801 may
interrupt attentional processes and cause deficits in sensorimotor gating (Bakshi
et al., 1994; Varty & Higgins, 1995; Feifel et al., 1999; Varty et al., 1999).

Mid-level acute doses of nicotine, 0.1 and 0.5 mg/kg, did not affect MK-
801- induced sensorimotor deficits in Experiment 1. Experiment 2 was designed
to examine the effects of a lower and a higher dose of nicotine. Based on
previous studies of the effects of acute nicotine on ASR and PPI (Acri et al.,
1994; Popke, 1996), it was hypothesized that administration of 0.01 mg/kg or
1.0mg/kg acute nicotine would counter MK-801 induced deficits.

Following acclimation and baseline exposures to the acoustic startle
equipment, animals were assigned to experimental conditions. On the day of
testing, all animals received injections of nicotine (0, 0.01, or 1.0 mg/kg) and MK-
801 (0 or 0.15 mg/kg) before being exposed to the startle and pre-pulse stimuli.
Trials composed of a startle stimulus, 110 dB or 120 dB, with and without pre-

pulse stimuli, 68 dB or 82 dB, were presented in a random order. ASR amplitude
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was measured using an interfaced computer while PPl was determined

mathematically using ASR data from trials with and without pre-pulse stimuli.

Hypotheses

Hypothesis 1: MK-801 administration would significantly increase acoustic
startle amplitude.

Rationale: Several studies have demonstrated a significant increase in the
acoustic startle reflex of rats following administration of MK-801 in the dose
range of 0.1 — 0.3 mg/kg (Bakshi et al., 1994; Varty & Higgins, 1995; Feifel et al.,
1999; Varty et al., 1999). In addition, this dose of MK-801 was effective in

significantly increasing startle amplitude in Experiment 1 of this series.

Hypothesis 2: MK-801 administration would significantly decrease percent pre-
pulse inhibition (PPI).

Rationale: A significant decrease in PPI has been found following administration
of MK-801 in the dose range of 0.1 — 0.3 mg/kg in multiple studies (Bakshi et al.,
1994; Varty & Higgins, 1995; Feifel et al., 1999; Varty et al., 1999). In addition,
this dose of MK-801 was effective in significantly decreasing percent PPl in

Experiment 1 of this series.

Hypothesis 3: Nicotine, at the 0.01 mg/kg dose, will significantly increase the

acoustic startle amplitude.

28



Rationale: Acri et al. (1994) reported an increase in the acoustic startle reflex of

animals treated with acute nicotine at a dose of 0.01 mg/kg.

Hypothesis 4: Nicotine, at the 1.0 mg/kg dose, would significantly decrease the
acoustic startle amplitude.

Rationale: Acri et al. (1994) reported a decrease in the acoustic startle reflex of

animals treated with acute nicotine at doses of 0.5 mg/kg and higher, to include

1.0 mg/kg.

Hypothesis 5: Nicotine, at the 0.01 mg/kg dose, would significantly increase
percent PPI.

Rationale: Acri et al. (1994) and Popke (1996) both reported findings of
significant increases in percent PPl in animals treated acutely with 0.01 mg/kg of

nicotine.

Hypothesis 6: There would be a significant Nicotine X MK-801 interaction for
percent PPI.

Rationale: Based upon previous findings that nicotine increases PPI at an acute
dose of 0.01 mg/kg while MK-801 decreases it, it was hypothesized that an
interaction would result. Animals receiving both the low dose of nicotine and MK-
801 should have greater PPI than those receiving MK-801 alone. Nicotine was

hypothesized to effectively minimize or reverse the effects of MK-801 on PPI.
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Methods
Subjects

Subjects were 60 different adult male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA). Subject selection was performed using the same
criteria as in Experiment 1. The cell size of n=10 was based upon previous
research that reported significant effects of acute nicotine (Acri, 1992; Acri et al.,
1994; Popke, 1996) and MK-801 (Al-Amin & Schwarkopf, 1996; Varty, Bakshi, &
Geyer, 1999) on ASR and PPI. Animals were aged 50-52 days and weighed
225-250 g at the beginning of the experiment. All subjects were pair-housed in
standard polypropylene rectangular cages on hardwood chip bedding (Pine-Dri)
with unlimited access to food (Harlan Teklad 4% Mouse/Rat Diet 7001) and
water. The housing room was maintained on a 12-hour reverse light/dark cycle
(lights on at 1730 hours) at a temperature of 23°C and 50 percent relative

humidity.

Equipment

The acoustic startle reflex (ASR) and pre-pulse inhibition (PPI) were
measured using the same equipment as described previously in Experiment 1.
All procedures and parameters, including startle and pre-pulse stimuli as well as

trial specifications, were identical to those in Experiment 1.
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Drug Administration

Nicotine at one of two different dosages (0.01 mg/kg or 1.0 mg/kg) or
physiological saline (0.9% saline) was administered to subjects via a
subcutaneous injection (SC) on the animal’'s dorsal side, between the shoulder
blades. Nicotine solutions were prepared using nicotine dihydrochloride with
physiological saline as a vehicle and were calculated and expressed in terms of
nicotine base. Nicotine solutions were pH-adjusted to match the pH of
physiological saline (6.5-7.0) using a 1M disodium phosphate (Na;HPOj4)
solution.

Dizocilpine (MK-801) (0.15 mg/kg) or physiological saline was
administered via an intra-peritoneal (IP) injection 5 minutes post-nicotine
injection. The MK-801 solution was prepared using dizocilpine maleate (Sigma-
Aldrich/RBI, St. Louis, MO) with physiological saline as a vehicle and was

calculated and expressed in terms of dizocilpine base.

Data Collection Procedure

Subjects underwent gentling, acclimation, and baseline procedures
identical to those previously described in Experiment 1.

Using the baseline ASR and PPl data, as well as current body weight
data, each subject was assigned to an experimental condition, either saline
control or one of two dosages (0.01 or 1.0 mg/kg) of nicotine. Subjects were
assigned to ensure that each experimental group had comparable initial body

weight.
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Experimental data were collected on the second day following baseline
testing. Subjects received a subcutaneous injection of either nicotine (0.01 or
1.0 mg/kg) or saline followed 5 minutes later by an intraperitoneal (IP) injection of
either MK-801 (0.15 mg/kg) or saline. After a 10-minute waiting period, animals
were placed in Plexiglas holders and into the individual startle chambers.

Acoustic startle amplitude data were then collected.

Data Analytic Strategy

The data analytic strategy for Experiment 2 was identical to that of
Experiment 1 including the treatment of the data and calculations to transform
startle amplitude to percent PPI

Data from the acute drug administration day, both ASR in the form of
startle amplitude and PPI expressed as percent pre-pulse inhibtion, were
analyzed using multivariate analyses of variance (MANOVAS) (Acri, 1992;
Faraday, O'Donoghue, & Grunberg, 1999). Univariate analyses of variance
(ANOVAs) were performed when significant multivariate effects were found. All

tests were two-tailed, with alpha < 0.05, as in Experiment 1.

Results
Acoustic Startle (ASR) and Pre-pulse Inhibition (PPI)

Mean acoustic startle reflex amplitudes for each group are presented in
Figures 2a-2b. Figures 2c-2f display mean percent pre-pulse inhibition for all

groups.
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Multivariate analyses revealed that there was no significant effect of
nicotine on the startle amplitude or percent pre-pulse inhibition at any of the
startle or pre-pulse parameters. There was a significant trend towards a main
effect of MK-801 on startle amplitude [F(2,53) = 3.13, p=0.052] and a significant
effect of MK-801 on percent pre-pulse inhibition [F(4,51) = 10.14, p<0.05]. There
was also a significant overall nicotine X MK-801 interaction [F(8,104) = 2.360,
p<0.05]. Subsequent ANOVAs were performed for each trial type.

Startle Amplitude to 110 dB.  Animals receiving MK-801 startled more
than those that received saline, [F(1,53) = 6.16, p<0.05].

Startle Amplitude to 120 dB. Animals receiving MK-801 startled more
than those that received saline, [F(1,53) = 4.36, p<0.05].

Percent PPI to a startle of 110 dB and a pre-pulse of 68 dB.
Administration of MK-801 decreased the amount of PPI relative to saline
controls, [F(1,54) = 24.49, p<0.05].

Percent PPI to a startle of 120 dB and a pre-pulse of 68 dB. MK-801-
treated animals had decreased PPl compared with saline-treated animals,
[F(1,54) = 19.56, p<0.05].

Percent PPl to a startle of 110 dB and a pre-pulse of 82 dB. Animals
receiving MK-801 had decreased PPI relative to saline controls, [F(1,54) = 17.84,
p<0.05].

Percent PPI to a startle of 120 dB and a pre-pulse of 82 dB.
Administration of MK-801 decreased the amount of PPl compared with saline

control animals, [F(1,54) = 18.10, p<0.05]. Although there was no significant
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effect of nicotine on PPI, there was a significant nicotine x MK-801 interaction,
[F(2, 54) = 4.29, p<0.05]. When the data were split by MK-801 status, there was
no significant effect of nicotine on saline treated animals. There was, however, a
significant effect of nicotine on animals receiving MK-801, [F(2, 27)=4.07,
p<0.05]. Post-hoc analysis of the data with Tukey’s HSD revealed that animals
receiving MK-801 and 1.0 mg/kg nicotine had significantly higher percent pre-
pulse inhibition than those receiving either 0.01 mg/kg nicotine or saline. There

was no significant effect of the lower nicotine dosage.

Discussion

Experiment 2 investigated the effects of two additional dosages of nicotine
on MK-801 induced sensorimotor gating deficits, as measured by the acoustic
startle reflex amplitude (ASR) and percent pre-pulse inhibition (PPI). This
experiment was designed based upon the results of Experiment 1 to examine the
effects of a lower and higher dosage of nicotine, 0.01 and 1.0 mg/kg nicotine, on
ASR and PPI.

The hypotheses that treatment with MK-801 would increase ASR
amplitude and decrease sensorimotor gating, as measured by PPI, were
confirmed. Subjects receiving MK-801 exhibited significantly greater startle
amplitudes as well as significantly decreased PPI to all startle and pre-pulse
stimuli relative to those animals that were not administered MK-801. This finding

is consistent with previous findings that MK-801 increases startle amplitude

34



(Bakshi et al., 1994; Varty & Higgins, 1995; Bakshi & Geyer, 1995; Feifel et al.,
1999; Varty et al., 1999), as well as the results of Experiment 1.

The hypotheses that nicotine administration would significantly affect
startle amplitude were not confirmed in this experiment. This finding was
inconsistent with the hypothesis that the high dose of nicotine would decrease
startle amplitude. Previous research has reported that Sprague-Dawley rats
startle significantly /ess than saline controls when receiving nicotine acutely at
the 1.0 mg/kg dose (Acri et al., 1994)

In addition, the hypothesis that nicotine would increase percent PPl was
not confirmed. This finding is also inconsistent with previous research. Acri et
al. (1994) and Popke (1996) reported that acute administration of nicotine at low
doses, including 0.01 mg/kg, resulted in an increase in percent PPI relative to
saline controls.

Finally, the hypothesis that there would be a significant Nicotine X MK-801
interaction was partially confirmed. There were no significant interactions for the
ASR data. There was, however, a significant interaction of nicotine and MK-801
on PPI to a startle stimulus of 120 dB and a pre-pulse of 82 dB. Upon splitting
the data by MK-801 status, there was a significant effect of nicotine on animals
treated with MK-801, but not saline-treated animals. Animals that received MK-
801 and 1.0 mg/kg nicotine had greater PPI than those receiving only MK-801,
suggesting that nicotine may have succeeded in attenuating some of the

sensorimotor gating deficits produced by MK-801. It should be noted however,
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that this significant interaction occurred inconsistently and only for a single set of
the ASR and PPI variable.

The failure of nicotine to alter the attentional effects of MK-801 on ASR
and PPI appear to be real phenomenon and not a result of insufficient power in
Experiment 2. Although the observed power was low, the observed effect sizes
for these results also were low (partial eta-squared values < 0.053 for all
insignificant variables), indicating that even with an increase in power, a
significant effect of nicotine and significant nicotine x MK-801 interactions would
be difficult to find in these variables.

However, it could be that the means of nicotine administration may not
have been the most effective method for this study. While the acute
administration of nicotine by means of daily injections is a commonly-used model
for nicotine use and smoking, the chronic administration of nicotine, typically by
means of a surgically-implanted osmotic mini-pump, is also often used. Unlike
acute injections that provide a single bolus of drug, the mini-pumps supply a
consistent infusion of nicotine over a period of several weeks. Although there is
a limited amount of research on the effects of acute nicotine on ASR and PP, the
significant effects of chronically administered nicotine on these variables have
been better documented in rats of different sex, age, and strain (Acri et al., 1994;
Acri, Brown, Saah, & Grunberg, 1995; Faraday et al., 1999a). This chronic
paradigm may be more effective in producing behavioral effects on ASR and PPI

than the acute administration used in the previous two experiments. It is an

36



alternative model to test the effects of nicotine on sensorimotor gating deficits
induced by treatment with MK-801.

The third study in this experimental series addresses these administration
paradigm issues. Experiment 3 assessed the effect of chronic nicotine

administration, 6 mg/kg/day, on ASR/PPI in MK-801 treated animals.
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EXPERIMENT 3

Overview

The purpose of Experiment 3 was to examine the effects of chronic
nicotine administration on the acoustic startle response (ASR) amplitude and pre-
pulse inhibition (PPI) of acoustic startle in animals treated with MK-801, an
NMDA receptor antagonist in a 2 (0 or 0.15 mg/kg MK-801) x 2 (0, or 6.0
mg/kg/day nicotine) factorial design. Previous studies of animals treated with
MK-801 have reported increased ASR amplitude and decreased PPI, suggesting
that MK-801 may interrupt attentional processes and cause deficits in
sensorimotor gating (Bakshi et al., 1994; Varty & Higgins, 1995; Feifel et al.,
1999; Varty et al., 1999).

The first two experiments of this series found little effect of acute nicotine
administration on MK-801 induced sensorimotor deficits. Experiment 3 was
designed to examine the effect of chronic nicotine administration on these
deficits. Based on previous studies of the effects of chronic nicotine
administration on ASR and PPI (Acri, Grunberg, & Morse, 1991; Acri et al.,
1995), it was hypothesized that chronic treatment with 6 mg/kg/day of nicotine
would counter these MK-801 induced deficits.

Following acclimation and baseline exposures to the acoustic startle
equipment, animals were assigned to experimental conditions and osmotic
minipumps containing either saline or nicotine were surgically implanted in all

animals. On testing days, post-surgery days 4, 7, and 14, all animals received
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injections of MK-801 (0 or 0.15 mg/kg) before being exposed to the startle and
pre-pulse stimuli. Trials composed of a startle stimulus, 110 dB or 120 dB, with
and without pre-pulse stimuli, 68 dB or 82 dB, were presented in a random order.
ASR amplitude was measured using an interfaced computer while PPl was
determined mathematically using ASR data from trials with and without pre-pulse

stimuli.

Hypotheses

Hypothesis 1: MK-801 administration would significantly increase acoustic
startle amplitude.

Rationale: Several studies have reported a significant increase in the acoustic
startle reflex of rats following administration of MK-801 in the dose range of 0.1 —
0.3 mg/kg (Bakshi et al., 1994; Varty & Higgins, 1995; Feifel et al., 1999; Varty et
al., 1999). In addition, this dosage of MK-801 significantly increased startle

amplitude in Experiments 1 and 2 of this series.

Hypothesis 2: MK-801 adminstration would significantly decrease percent pre-
pulse inhibition (PPI).

Rationale: A significant decrease in PPl has been reported following
administration of MK-801 in the dose range of 0.1 — 0.3 mg/kg in multiple studies
(Bakshi et al., 1994; Varty & Higgins, 1995; Feifel et al., 1999; Varty et al., 1999).
In addition, this dosage of MK-801 significantly decreased percent PPl in

Experiments 1 and 2 of this series.
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Hypothesis 3: Chronically administered nicotine would significantly increase the
acoustic startle amplitude.

Rationale: Acri et al. (1991; 1995) and Faraday et al. (1999a) reported an
increase in the acoustic startle reflex of animals receiving chronic nicotine

treatment.

Hypothesis 4: Nicotine would significantly increase percent PPI.
Rationale: Acri et al. (1995) and Faraday et al. (1999a) reported findings of

significant increases in percent PPI in animals treated with chronic nicotine.

Hypothesis 5: There would be a significant Nicotine X MK-801 interaction for
percent PPI.

Rationale: Based upon previous findings that chronic nicotine increases PPI
while MK-801 decreases it, it was hypothesized that an interaction would result
with animals receiving both nicotine and MK-801 demonstrating greater PPI than
those receiving MK-801 alone. Nicotine was hypothesized to effectively minimize

or reverse the effects of MK-801 on PPI.

Methods
Subjects
Subjects were 59 adult male Sprague-Dawley rats (Charles River

Laboratories, Wilmington, MA), the same animals used in Experiment 2. There
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were 10 animals per cell with the exception of the saline/nicotine group which
had 9 animals. This cell size was based upon previous research that reported
significant effects of chronic nicotine (Acri et al., 1995; Faraday et al., 1999a) and
MK-801 (Al-Amin & Schwarkopf, 1996; Varty, Bakshi, & Geyer, 1999) on ASR
and PPI. One subject was dropped from the experiment following a difficult
recovery from minipump implantation surgery. Animals were allowed a one-week
washout period between experiments. Animals were aged 58-60 days and
weighed 300-350 g at the beginning of the experiment. All subjects were pair-
housed in standard polypropylene rectangular cages on hardwood chip bedding
(Pine-Dri) with unlimited access to food (Harlan Teklad 4% Mouse/Rat Diet 7001)
and water. The housing room was maintained on a 12-hour reverse light/dark
cycle (lights on at 1730 hours) at a temperature of 23°C and 50 percent relative

humidity.

Equipment

The acoustic startle reflex (ASR) and pre-pulse inhibition (PPI) were
measured using the same equipment as described previously in Experiment 1.
All procedures and parameters, including startle and pre-pulse stimuli as well as

trial specifications, were identical to those in Experiments 1 and 2.

Drug Administration and Surgical Procedure

Nicotine (6 mg/kg/day at a rate of 0.48 pl/hour) or physiological saline was

administered via a model 2002 Alzet osmotic minipump (Alza Corporation, Palo
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Alto, CA). Dosages of nicotine in this range of 6 mg/kg/day have been shown in
previous studies to produce reliable behavioral effects (Grunberg, Bowen, &
Morse, 1984; Winders & Grunberg, 1990; Faraday, Scheufele, Rahman, &
Grunberg, 1999). Blood nicotine levels in rats implanted with 6.0 mg/kg/day-
delivering minipumps more closely resemble those of human smokers than do
blood nicotine levels in animals implanted with minimpumps delivering higher
dosages of nicotine (Benowitz, 1988; Winders, Grunberg, Benowitz, & Alvarez,
1998).

Dizocilpine (MK-801) (0.15 mg/kg) or physiological saline was
administered via an intra-peritoneal (IP) injection. The MK-801 solution was
prepared using dizocilpine maleate (Sigma-Aldrich/RBI, St. Louis, MO) with
physiological saline as a vehicle and was calculated and expressed in terms of
the dizocilpine base.

Animals underwent a one-week washout period following their use in
Experiment 2 prior to mini-pump implantation. MK-801 has an elimination half-
life in rats of approximately 87+8 minutes (Schwartz & Wasterlain, 1991) in rats.
Nicotine has an estimated plasma half-life in rats ranging from 0.3 hours (Sastry,
Chance, Singh, Horn, & Janson, 1995) to 1.1 hours (Kyerematen, Taylor,
deBethizy, & Vesell, 1988). Nicotine’s primary metabolites, including cotinine,
cotinine-N-oxide, and allohydroxydemethylcotinine, may have half-lives of up to
24 hours (Kyerematen et al., 1988; Sastry et al., 1995). Based upon these data,
a one-week washout period allowed for the sufficient elimination of previously

administered MK-801 and nicotine as well as their metabolites.
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Surgical Procedure: Minipumps were surgically implanted in animals
anesthetized using methoxyflurane (Metofane™) in a vented hood. Rats were
placed individually in a covered bell jar with anesthetic-soaked gauze pads and
removed from the jar when a tail pinch produced no reflex movement. A3 x5
cm area between the shoulder blades of each animal was shaved and cleaned
with betadine. A 1-2 cm transverse incision was made within the shaved region
using a pair of blunt nosed surgical scissors. Blunt dissection and spreading of
the subcutaneous tissue with the scissor tips created a pocket in the skin into
which the drug- or saline-filled minipump was inserted. Minipumps were
positioned with the flow modulator facing the animal’s head and neck region.
The surgical incision was closed using two to three 9 mm surgical stainless steel
wound clips with a total surgical procedure and anesthesia time of approximately

3 minutes.

Data Collection Procedure

The animals used in Experiment 3 had undergone gentling, acclimation,
and baseline measures during Experiment 2. Subjects were assigned to new
groups to insure that the animals in each new experimental group were
approximately equal in terms of drug history from the previous experiment. A
post-hoc analysis of the ASR and PPI data collected for these animals using drug
history as an independent variable revealed no significant effect for drug history.

Nicotine or saline-filled minipumps were implanted in all animals on Day 1

of the drug administration phase following the one-week washout period. ASR
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and PPI testing then occurred on Days 4, 7, and 14. On these days, subjects
received an IP injection of MK-801 or saline. A ten-minute waiting period was
then observed before the subjects were loaded into the Plexiglas holders and

into the individual startle chambers. ASR and PPl data were collected.

Data Analytic Strategy

Responses for individual animals were averaged across the eight trials
within each of the six trial types. The acoustic startle response (ASR) was
measured directly as the magnitude of platform displacement for trials with startle
stimuli but no pre-pulses. Percent pre-pulse inhibition (PPI) was determined by
subtracting the amplitude of trials with startle stimuli preceded by pre-pulses from
the amplitude of trials with equivalent startle stimuli, but no pre-pulses. This
difference was then converted to a percentage through the following equation:
[(amplitude of trial without pre-pulse) — amplitude of trial with pre-pulse) /
(amplitude of trial without pre-pulse)] (Acri, 1992; Acri, 1994). These calculations
were performed for each animal for every day of data collection.

To ensure reliable drug delivery, body weight data from Days 4, 7, and 14
of Experiment 2 were analyzed by a repeated-measures analysis of covariance
(ANCOVA) with baseline body weight as a covariate. Repeated measures
ANOVAs were performed on all data to determine the effects of time. Data from
the drug administration days (Day 4, 7 and 14) of Experiment 2, both ASR in the

form of startle amplitude and PPI expressed as percent pre-pulse inhibition, were
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analyzed using multivariate analyses of variance (MANOVAS) (Acri, 1992;

Faraday et al., 1999a). All tests were two-tailed, with alpha < 0.05.

Results
Body weight

Body weight data for Experiment 3 are presented in Figure 3s. There was
a main effect of nicotine on body weight [F(1,54) = 12.33, p<0.05]. Subjects
receiving chronic nicotine administration, regardless of MK-801 status, weighed
less than did their saline-treated counterparts. In addition, there was a Time x
Nicotine interaction, such that the body weights of animals receiving chronic
nicotine increased more slowly over time than did the saline controls [F(1,54) =
5.26, p <0.05].

Previous research has indicated that animals receiving chronic nicotine
have lower overall body weights than saline-treated animals and tend to gain
weight more slowly than saline controls (Grunberg et al., 1984; Grunberg,
Winders, & Popp, 1987; Winders & Grunberg, 1990). The findings of decreased
body weights and slowed growth in animals receiving nicotine in this study

validates the nicotine pump delivery.

Acoustic Startle (ASR) and Pre-pulse Inhibition
Mean acoustic startle reflex amplitudes for each group for each testing
day are presented in Figures 3a-3f. Figures 3g-3r display mean percent pre-

pulse inhibition for all groups for each testing day.
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A repeated-measures ANCOVA revealed that there was a significant
effect of time on the startle amplitude to 110 dB, F(2,112) = 24.11, p<0.05, as
well as startle amplitude to 120 dB, F(2,112) = 24.77, p<0.05. There were no
significant effects of time on any of the measures of pre-pulse inhibition. As a
result, data for the two startle stimuli alone were analyzed for each of the three
days of testing while the pre-pulse inhibition data were collapsed over time for
purposes of data analysis.

There were no significant effects of nicotine on acoustic startle amplitude
at either 110 or 120 dB. There was a significant main effect for MK-801 on
startle amplitude on Day 4 [F(2,55) = 8.41, p<0.05], Day 7 [F(2,55) = 5.56,
p<0.05], and Day 10 [F(2,55) = 5.81, p<0.05]. There also was a significant main
effect of MK-801 on percent pre-pulse inhibition [F(4,53) = 7.36, p>0.05]. There
was a trend towards a significant main effect of nicotine on percent pre-pulse

inhibition [F(4,53) = 2.32, p = 0.69]. Subsequent ANOVAs were performed.

Startle Amplitude to 110 dB.  Animals receiving MK-801 startled more
than those that received saline on test Day 4, [F(1,56) = 10.28, p<0.05], Day 7
[F(1,56) = 9.50, p<0.05], and Day 14, [F(1,56) = 6.23, p<0.05].

Startle Amplitude to 120 dB.  Animals receiving MK-801 startled more
than those that received saline on test Day 4, [F(1,56) = 17.01, p<0.05], Day 7

[F(1,56) = 8.44, p<0.05], and test Day 14, [F(1,54) = 11.64, p<0.05].
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Percent PPI to a startle of 110 dB and a pre-pulse of 68 dB.
Administration of MK-801 decreased the amount of PPI, [F(1,56) = 15.50,
p<0.05]. There was no significant effect of nicotine on pre-pulse inhibition.

Percent PPI to a startle of 120 dB and a pre-pulse of 68 dB.
Administration of MK-801 decreased the amount of PPI, [F(1,56) = 29.67,
p<0.05]. There was no significant effect of nicotine on pre-pulse inhibition.

Percent PPI to a startle of 110 dB and a pre-pulse of 82 dB.
Administration of MK-801 decreased the amount of PPI, [F(1,55) = 12.17,
p<0.05]. There was no significant effect of nicotine on pre-pulse inhibition.

Percent PPI to a startle of 120 dB and a pre-pulse of 82 dB.
Administration of MK-801 decreased the amount of PPI, [F(1,55) = 22.82,

p<0.05].

Discussion

Experiment 3 investigated the effects of 6 mg/kg/day of nicotine on MK-
801 induced sensorimotor gating deficits, as measured by the acoustic startle
reflex amplitude (ASR) and percent pre-pulse inhibition (PPI1). This experiment
was designed based upon the results of Experiments 1 and 2 to examine the
effects of a chronic nicotine administration paradigm on ASR and PPl in animals
treated with MK-801.

The hypotheses that treatment with MK-801 would increase ASR
amplitude and decrease sensorimotor gating, as measured by PPI, were again

confirmed. Subjects receiving MK-801 exhibited significantly greater startle
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amplitudes as well as significantly decreased PPI to all startle and pre-pulse
stimuli relative to those animals receiving saline. This finding is consistent with
previous findings that MK-801 increases startle amplitude (Bakshi et al., 1994;
Varty & Higgins, 1995; Bakshi & Geyer, 1995; Feifel et al., 1999; Varty et al.,
1999), as well as the results of Experiments 1 and 2.

The hypothesis that nicotine administration would significantly increase
startle amplitude was not confirmed in this experiment. Animals receiving
chronic nicotine were not significantly different in terms of startle amplitude from
those receiving saline for either the 110dB or 120 dB startle stimulus. This
finding was not consistent with previous reports of a significant increase in startle
amplitude in male Sprague-Dawley rats receiving chronic nicotine (Acri et al.,
1994; Faraday et al., 1999a).

The hypothesis that chronic nicotine would significantly increase percent
PPI was also not confirmed. Although there was a trend toward a significant
main effect of nicotine, there were no significant effects of nicotine on PPI for any
stimuli. This finding also is inconsistent with previous findings that chronic
nicotine increases PPI (Faraday et al., 1999a) to similar stimuli.

The hypothesis that there would be a significant Nicotine X MK-801
interaction was not confirmed. There were no significant interactions between
the two drugs for any of the stimuli or pre-pulse combinations.

Although this study utilized a chronic paradigm of nicotine administration,
it was somewhat limited in the dose used. While behavioral effects have been

reported using the 6 mg/kg/day dosage, more consistent findings occur with a
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higher dosage, usually 12 mg/kg/day. The 6 mg/kg/day dosage was chosen for
this experiment as the lowest chronic dosage shown to have significant effects
on measured behaviors and the dose that most produced blood nicotine levels
that more closely resemble those of human smokers. It may have been more
effective behaviorally though to use the higher 12 mg/kg/day dose to insure

consistent and significant effects.
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GENERAL DISCUSSION

Schizophrenics smoke at a much higher prevalence rate than the general
population, prompting speculation that this behavior may be some form of self-
medication. It has been suggested that nicotine, the chief psychoactive
ingredient in tobacco smoke, may attenuate certain symptoms of the disorder.
Specifically, nicotine may be medicating the attentional deficits and sensorimotor
gating disruptions associated with the disorder. The three experiments in this
series examined the effects of nicotine on the sensorimotor gating deficits in the
MK-801 animal model of schizophrenia. These experiments successfully
replicated the attentional deficits produced by MK-801 administration as indexed
through the acoustic startle reflex (ASR) and pre-pulse inhibition (PPI). Contrary
to the hypothesized effect of nicotine, the results indicate that nicotine, at the
various dosages and via the various routes administered, does not have
consistent effects on the sensorimotor gating deficits produced by MK-801.
Overall, this potential mechanism for nicotine’s medicating properties in a model
of schizophrenia was not supported.

Experiment 1 examined the effects of two acute dosages of nicotine, 0.1
mg/kg and 0.5 mg/kg, on the attentional deficits in ASR and PPI produced by
MK-801 administration. Significant increases in ASR and decreases in PPl were
observed in rats treated with MK-801. Nicotine had no effect on these measures
and did not attenuate the disruptions caused by MK-801.

Experiment 2 examined the effects of two additional acute dosages of

nicotine, 0.01 mg/kg and 1.0 mg/kg, on the attentional deficits in ASR and PPI
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caused by MK-801. Significant increases in ASR and decreases in PPI were
observed in rats treated with MK-801. Nicotine had no significant effects on ASR
or PPI. There was a significant nicotine X MK-801 interaction for PPI to a startle
stimulus of 120 dB and a pre-pulse of 82 dB, such that animals that received
nicotine and MK-801 displayed greater inhibition than those that received only
MK-801. However, this single nicotine X MK-801 interaction indicates that these
effects of nicotine were inconsistent.

Experiment 3 examined the effects of a chronic model of nicotine
administration, 6 mg/kg/day administered via a surgically implanted osmotic
minipump, on the attentional deficits in ASR and PPI produced by MK-801
administration. A significant increase in ASR and decrease in PPl were once
again observed in rats treated with MK-801. Nicotine had no effects on ASR or
PPI. Nicotine was unable to attenuate the effects of MK-801 on ASR and PPI.

The repeated finding that MK-801 increased ASR and decreased PPl is
consistent with previous research (Bakshi et al., 1994; Varty & Higgins, 1995;
Feifel et al., 1999; Varty et al., 1999). The findings that nicotine administration
did not produce reliable, significant effects on ASR amplitude and percent PPI
was not consistent with previous research using similar dosages and routes of
administration (Acri et al., 1994, 1995; Popke, 1996; Faraday et al., 1999a).

It is unlikely that study design contributed to the inability to detect nicotine
effects and interactions. The acute nicotine dosages used in these experiments
were consistent with those used in previous studies that found significant effects

for nicotine on ASR and PPI (Acri et al., 1994; Popke, 1996). The most common
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chronic nicotine dosage used in previous studies was 12 mg/kg/day (Acri et al.,
1991,1995; Faraday et al., 1999a), double the 6 mg/kg/day dosage used in this
study. The 6 mg/kg/day dosage was chosen for this experiment as the lowest
chronic dosage shown to have significant effects on measured behaviors
(Grunberg, Bowen, & Morse, 1984; Winders & Grunberg, 1990; Faraday,
Scheufele, Rahman, & Grunberg, 1999) and the dose that produces blood
nicotine levels that more closely resemble those of human smokers (Benowitz,
1988; Winders, Grunberg, Benowitz, & Alvarez, 1998). Although the 6 mg/kg/day
dosage of nicotine has previously been reported to significantly increase ASR
measures (Acri et al., 1991), the 12 mg/kg/day doseage may have been more
effective behaviorally.

The single nicotine X MK-801 interaction for the attentional measures of
ASR and PPI indicates that nicotine, in general, does not consistently attenuate
the attentional disruptions caused by MK-801 administration.

It is worth noting that the nicotine used in these experiments effectively
decreased body weight and weight gain in Experiment 3, findings consistent with
previous research. These data suggest that the inconsistent effects of nicotine
on ASR and PPI were not likely due to bad or ineffective drug.

There are some limitations to these experiments that should be
recognized when drawing conclusions. These studies relied upon a single
dependent variable, ASR and PPI, which is generally characterized as a reflexive

measure of attention. It is possible that a more complex index of attention, or a
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variety of attentional measures, would be a better means to examine the effects
of nicotine on these deficits.

Schizophrenics may be using cigarette smoking as a form of self-
medication, but relying on a substance or substances other than nicotine to
alleviate symptoms. In addition, the use of a single dependent variable,
attention, limits the generalizability of these findings in reference to the self-
medication hypothesis. Nicotine, or another substance in tobacco smoke, may
be affecting attention but doing so indirectly, through a mediator such as affect or
anxiety, variables not measured in this study. It is also possible that
schizophrenics are not smoking to alleviate attentional problems, but to directly
medicate other symptoms of schizophrenia such as affect dysregulation, thought
disorders, efc.

In addition, schizophrenics may not be smoking as a means of self-
medication. There are many potential alternative reasons why smoking occurs at
such a high rate in this population. Schizophrenics, and other thought-disordered
individuals, may not understand or care about the negative health consequences
of smoking that tend to deter others from engaging in the behavior. They may
be smoking for purely hedonistic and pleasure-seeking reasons, inclinations that
a non-disordered population is better able to control.

Finally, the MK-801 model may not be the most suitable model for
studying this phenomenon. There are several other animal models of
schizophrenia, both pharmacologically- and environmentally-induced, that

produce similar attentional deficits (Geyer, Krebs-Thomson, Braff, & Swerdlow,
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2001; Weiss & Feldon). It is possible that one of these models is more
appropriate for examining the effects of nicotine on the attentional deficits
characteristic of schizophrenia.

Future research in this area could proceed in several directions given the
findings of the present studies. Nicotine is arguably the most important
component of tobacco smoke and has varied effects on multiple behavioral
indices. It would be beneficial to further pursue the self-medication hypothesis
regarding nicotine, but to examine its effects on various other symptoms of
schizophrenia. Animal models, such as the learned helplessness and chronic
mild stress paradigms, may mimic the affect dysregulation in schizophrenia.
Similar animal models also may be used to mimic the catatonic behavior often
seen in schizophrenia. Studies of nicotine administration in these models would
provide insight into the potential use of nicotine to self-medicate for problems
other than the attentional deficits associated with the disorder.

Many of the symptoms of schizophrenia are difficult or impossible to
model in animals. For example, it is not feasible to develop and validate an
animal model of delusions or hallucinations. Studies examining the effects of
cigarette smoking or nicotine administration in a clinical schizophrenic population
would be necessary to further examine the potential for self-medication of certain
symptoms.

The high correlation between schizophrenia and tobacco use remains an
important area of research regardless of the reason for the high prevalence of

smoking in schizophrenics. Smoking has the same detrimental health effects in
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schizophrenics as it does in the general population, making it a serious threat to
their well-being. Research in this area may reveal new information about the
disease (i.e., potential mechanisms, treatments, efc.) as well as smoking in
general. Although these studies suggest that nicotine derived from cigarette
smoking is likely not being used by schizophrenics to self-medicate attentional
problems, it is important to continue to study alternative applications of the self-
medication hypothesis as well as additional potential reasons for the relationship

between smoking and schizophrenia.
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Figure 1a. Acoustic startle amplitude to a 110 dB stimulus in animals
receiving MK-801 (0 or 0.15 mg/kg) and nicotine
(0, 0.1, or 0.5 mg/kg) (Means+SEM).
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Figure 1c. Percent pre-pulse inhibition to a pre-pulse of 68 dB and a startle
stimulus of 110 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0, 0.1, or 0.5 mg/kg) (Means+SEM).
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Figure 1e. Percent pre-pulse inhibition to a pre-pulse of 82 dB and a startle
stimulus of 110 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0, 0.1, or 0.5 mg/kg) (Means+SEM).
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Figure 1b. Acoustic startle amplitude to a 120 dB stimulus in animals
receiving MK-801 (0 or 0.15 mg/kg) and nicotine
(0, 0.1, or 0.5 mg/kg) (Means+SEM).
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Figure 1d. Percent prepulse inhibition to a prepulse of 68 dB and a startle
stimulus of 120 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0, 0.1, or 0.5 mg/kg) (Means+SEM).
100
I Saline
80 4 [ MK-801
o 60 -
o
€
Q
1<}
& 40
20 A
0 T T T
Saline 0.1 mg/kg 0.5 mg/kg
Nicotine

Figure 1f. Percent pre-pulse inhibition to a pre-pulse of 82 dB and a startle
stimulus of 120 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0. 0.1. or 0.5 ma/ka) (Means+SEM).
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Figure 2a. Acoustic startle amplitude to a 110 dB stimulus in animals
receiving MK-801 (0 or 0.15 mg/kg) and nicotine
(0, 0.01, or 1.0 mg/kg) (Means +SEM).
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Figure 2c. Percent pre-pulse inhibition to a pre-pulse of 68 dB and a startle
stimulus of 110 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0, 0.01, or 1.0 mg/kg) (Means +SEM).
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Figure 2e. Percent pre-pulse inhibition to a pre-pulse of 82 dB and a startle

stimulus of 110 dB in animals receiving MK-801 (0 or 0.15 mg/kg)

and nicotine (0, 0.01, or 1.0 mg/kg) (Means +SEM).
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Figure 2b. Acoustic startle amplitude to a 120 dB stimulus in animals
receiving MK-801 (0 or 0.15 mg/kg) and nicotine
(0, 0.01, or 1.0 mg/kg) (Means +SEM).
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Figure 2d. Percent pre-pulse inhibition to a pre-pulse of 68 dB and a startle
stimulus of 120 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0, 0.01, or 1.0 mg/kg) (Means +SEM).
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Figure 2f. Percent pre-pulse inhibition to a pre-pulse of 82 dB and a startle
stimulus of 120 dB in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0, 0.01, or 1.0 mg/kg) (Means +SEM).
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Figure 3a. Acoustic startle amplitude on Day 1 to a 110 dB stimulus in animals Fi : " : : .
o o gure 3b. Acoustic startle amplitude on Day 7 to a 110 dB stimulus in animals
receiving MK-801 (0 or 0.15 mgrkg) and nicotine (0 or 6.0 mg/kg/day) receiving MK-801 (0 or 0.15 mg/kg) and nicotine (0 or 6.0 mg/kg/day)
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Figure 3c. Acoustic startle amplitude on Day 14 to a 110 dB stimulus in animals Figure 3d. Acoustic startle amplitude on Day 1 to a 120 dB stimulus in animals
receiving MK-801 (0 or 0.15 mg/kg) and nicotine (0 or 6.0 mg/kg/day) receiving MK-801 (0 or 0.15 mg/kg) and nicotine (0 or 6.0 mg/kg/day)
(Means+SEM). (Means+SEM).
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Figure 3e. Acoustic startle amplitude on Day 7 to a 120 dB stimulus in animals Figure 3f. Acoustic startle amplitude on Day 14 to a 120 dB stimulus in animals
receiving MK-801 (0 or 0.15 mg/kg) and nicotine (0 or 6.0 mg/kg/day) receiving MK-801 (0 or 0.15 mg/kg) and nicotine (0 or 6.0 mg/kg/day)
(Means+SEM). (Means+SEM).
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Figure 3g. Percent pre-pulse inhibition on Day 1 to a pre-pulse of 68 dB and a

110 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)

and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 3i. Percent pre-pulse inhibition on Day 14 to a pre-pulse of 68 dB and a
110 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 3k. Percent pre-pulse inhibition on Day 7 to a pre-pulse of 68 dB and a
120 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 3h. Percent per-pulse inhibition on Day 7 to a prepulse of 68 dB and a
110 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 3j. Percent pre-pulse inhibition on Day 1 to a pre-pulse of 68 dB and a
120 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 3. Percent pre-pulse inhibition on Day 14 to a pre-pulse of 68 dB and a
120 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 25. Percent pre-pulse inhibition on Day 1 to a pre-pulse of 82 dB and a 110 dB Figure 3n. Percent pre-pulse inhibition on Day 7 to a pre-pulse of 82 dB and a
startle stimulus in MK-801 treated animals receiving 6.0 mg/kg/day nicotine 110 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
(means and standard errors). and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 30. Percent pre-pulse inhibition on Day 14 to a pre-pulse of 82 dB and a Figure 3p. Percent pre-pulse inhibition on Day 1 to a pre-pulse of 82 dB and a
110 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg) 120 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM). and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
100 100
I Saline Il Saline
[ MK-801 [ MK-801
80 80 -
o 60 - o
Z T g
< €
g g
& 40/ g 40
20 + 20
0 T T 0 T T
Saline 6 mg/kg/day Saline 6 mg/kg/day
Nicotine Nicotine
Figure 3q. Percent pre-pulse inhibition on Day 7 to a pre-pulse of 82 dB and a Figure 3r. Percent pre-pulse inhibition on Day 14 to a pre-pulse of 82 dB and a
120 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg) 120 dB startle stimulus in animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).

and nicotine ( 0 or 6.0 mg/kg/day) (Means+SEM).
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Figure 3s. Body weights for animals receiving MK-801 (0 or 0.15 mg/kg)
and nicotine (0 or 6.0 mg/kg/day) at baseline (pre-treatment) and
on days 4, 7, and 14 (Means+SEM).
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