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Abstract

Benzodiazepines (BZs) are clinically useful anxiolytics. They also produce
sedation, muscle relaxation, ataxia, and protection against seizures. In most clinical
situations, more specificity of effects is desired. Therefore, delineating the
mechanisms specifically underlying their many effects is a major goal of research.
By employing selectively bred lines of animals, mechanisms of drug effects can be
studied (Crabbe et al. 1994). Thus, to examine the physiological bases underlying the
behavioral effects of BZs, mice were selectively bred for either sensitivity or
resistance to the ataxic effect of diazepam (Gallaher et al. 1987). Interestingly, the
line sensitive to the ataxic effect (DS mice) is resistant to the anxiolytic effect.
Conversely, the line resistant to ataxia (DR mice) is sensitive to anxiolysis. For the
seizure protective effects of BZs, the lines are equally sensitive. Therefore, it is
possible that separate underlying mechanisms mediate ataxia, anxiolysis, and seizure
protection. Understanding each of these mechanisms will be valuable in developing
more specific treatments for anxiety. In the studies reported here, experiments were
performed to determine a neuroanatomic locus which could specifically contribute to
differences in sensitivity to anxiolysis in these mice.

The amygdala has been implicated as a site which can mediate the anxiolytic
effect of BZs. Itis possible that there are differences in sensitivity to BZs in the
amygdala of DS and DR mice. These differences could contribute to the differences
in sensitivity to anxiolysis.- If the amygdala is capable of mediating differences in
sensitivity to anxiolysis, then direct injection of BZs into this structure should result
in greater anxiolysis in DR mice than in DS mice.

To test this hypothesis, chlordiazepoxide (CDP), a BZ, was bilaterally micro-

injected into the amygdala of the DS and DR mice. Stereotaxic surgery in



anesthetized subjects was used to implant guide cannula, and the micro-injections
were subsequently performed in unrestrained, unanaesthetized subjects. The
anxiolytic effect of the micro-injections was measured using a plus maze.
Immediately following injections, locomotor activity was diminished in both lines of
mice. In DR mice, CDP reversed the decrement in locomotor activity. The total
number of arm entries after vehicle injection was 4.2 £ 1.2, and the total number of
entries after CDP injection was increased to 10.9 £ 1.7 (p < 0.01). This reversal of
stress-induced freezing is a potential measure of anxiolysis. CDP micro-injections
also increased the percent of open arm entries in DR mice when tested 24 min after
injection (vehicle = 16.4% + 2.2; CDP =41.0% £ 3.9; p < 0.001). Increases in this
measure are interpreted as indicating anxiolysis. Neither of these anxiolytic effects of
CDP micro-injections were found in DS mice. These results suggest that the
amygdala can mediate the difference in sensitivity to anxiolysis in these mice.

A variety of other effects produced by BZs were also evaluated following
micro-injections. First, the total number of entries into either closed or open arms of
the plus maze was used as a measure of total activity; an measure of either locomotor
hypoactivity or locomotor activation. Muscle relaxation was examined by measuring
forelimb grip strength, ataxia was measured with an accelerating rotarod, and seizure
protection was measured using tail-vein infusions of pentylenetetrazol. Micro-
injections of CDP into the amygdala did not affect these other measures in either line,
indicating that the amygdala does not mediate any of these effects of BZs. In
addition, the results iridicat‘e that anxiolysis, per se, does not indirectly contribute to
BZs' effects on these ‘other measures. That is, these tests measure separate
phenomena which can be mediated by separate neuroanatomic systems. For example,
locomotor activation is not necessarily the result of anxiolysis, and has a different

underlying neuroanatomic substrate.
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The anatomic specificity of the micro-injections was tested by injecting CDP
into the caudal ventrolateral caudate, a region which neighbors the anterolateral
amygdala. These injections did not affect any of the measures in either DS or DR
mice. This finding suggests that the ventrolateral caudate does not mediate
anxiolysis, ataxia, muscle relaxation, locomotor sedation, or protection against
seizures. Additionally, it is unlikely that the results of the amygdala infusions were
the consequence of diffusion of CDP into nearby structures.

This thesis confirms the utility of using anatomically specific injections in
mice. The DS and DR mice can now be examined for additional differences in other
neuroanatomic areas. More directly, the observed differences in anxiolysis provide
the impetus for further biochemical, electrophysiologic, and neurochemical

examinations of the amygdala.
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Introduction

1.1 Purpose of the study

Benzodiazepines (BZs) are used to treat a variety of conditions (Hollister et al.
1993). In addition to their use as anxiolytics and hypnotic sedatives, they are used as
muscle relaxants, as treatments for seizures and intestinal disorders, as retrograde
amnesics for surgical procedures, and as serenics. These medications can also produce
ataxia, tolerance, REM sleep impairment, and deficits in attention (Woods and Winger
1995). Additionally, hyperexcitability and psychoses can be produced in some people
(Bixler et al. 1987). Following their introduction in the 1960s (Tobin and Lewis
1960), they became one of the most commonly prescribed classes of medications in the
world. A survey conducted in 1981 found that the prevalence of BZ use in the USA
was 12.9% of the population (Roth 1989).

In many clinical situations, several of these various responses constitute
unwanted side-effects. That is, for a particular treatment, only a subset of the effects is
desired. For other effects such as ataxia, there is no known clinical use. Thus, there is
a need for more behaidorally selective drugs. The rational design of more specific
treatents requires an understanding of the mechanisms underlying each of the effects.

Towards this end, mouse lines that differ in sensitivity to BZs have been created
through selective breeding (Gallaher et al. 1987). DS (diazepam-sensitive) mice have
increased sensitivity to the ataxic effects of diazepam while DR (diazepam-resistant)
mice are relatively resistant to the ataxic effects. Conversely, DR mice are more
sensitive to the anxiolytic and locomotor-activating effects of diazepam (Courtney and
Gallaher 1991; Courtﬁey et al. in prep.; Phillips and Gallaher 1992). The two lines are
equally sensitive to the ability of BZs to protect against the seizures produced by

pentylenetetrazol (PTZ) infusions (Gallaher and Gionet 1988). If each of these effects



of BZs were mediated by the same mechanism, then it would be expected that each of
the phenotypes would be positively correlated. However, both negative correlations
and a lack of correlations have been found for various BZ effects in DS and DR mice,
suggesting that different systems may be involved in mediating these distinct effects.
Negative correlations do not prove that effects are mediated by distinct mechanisms,
however, as a relationship between the phenotypes can exist with negative correlations.
For example, sensitivity to locomotor activation may mediate resistance to locomotor
sedation or ataxia. Thus, the implications of the phenotypic correlations require further
evaluation.

An review of genetic differences for various BZ-affected behaviors is provided
in section 2.0 of the introduction. In brief, the results of these studies suggest (but do
not prove) that various BZ effects are, in fact, influenced by seperate underlying
mechanisms. Conversely, some effects such as ataxia and locomotor sedation may be
mediated by similar mechanisms. If the various behavioral effects of BZs are mediated
by different systems, the different systems may reflect anatomically different neural
circuitry (Figure 1). This possibility can be evaluated.

As mentioned, these mice differ in sensitivity to anxiolysis. Because treating
anxiety is an important clinical use of BZs, it is important to understand the
mechanisms of anxiolysis as distinct from other effects. It is proposed that the
difference in anxiolytic sensitivity in these mice can be utilized to examine the
mechanisms that specifically underlie anxiolysis, as opposed to the mechanisms that
underlie other BZ effects. A critical step in this process is proposed--to wit, an
examination of the differences in DS and DR mice at a neuroanatomic level.

Commonly, selectively bred animals are examined for differences which
correlate with the selected trait (Crabbe and Phillips 1993; Crabbe et al. 1990).

However, this thesis does not involve a similar examination of the DS and DR mice.



These mice were selectively bred for differences in sensitivity to ataxia, and correlation
of ataxia with other phenotypes is ongoing. However, the purpose of this thesis is not
to determine correlations between ataxic sensitivity and other differences.

The finding that the sensitivity to anxiolysis in these mice is paradoxically
opposite to sensitivity to ataxia allows a novel approach to delineating the mechanisms
underlying anxiolysis. That is neuroanatomic basis for their difference in sensitivity to
anxiolysis, as opposed to other BZ effects such as ataxia, can be explored.

Because the specific interest of this thesis is the genetic difference in anxiolytic
sensitivity, and because numerous studies in the rat implicate the amygdala in mediating
anxiolysis (See section 3.1), this study has focused on the role of the amygdala in
mediating the difference in anxiolytic sensitivity in these mice. It is hypothesized that
other BZ effects are mediated by separate physiologic/neuroanatomic mechanisms.
Therefore, the proposal that the amygdala does not mediate other BZ effects was also
examined. The specific questions are: (1) Do injections of BZs into the amygdala of
mice results in anxiolysis? (2) Do intra-amygdala BZ injections result in more
anxiolysis in DR mice than DS mice? (3) Are the intra-amygdala injections behaviorally
specific? That is, do intra-amygdala injections fail to produce changes in locomotor
activity, rotarod performace, grip strenght, or sensitivity to various seizure endpoints?
(4) Are the intra-amygdala injections anatomically specific? That is, will injections into

a neighboring area fail to produce any anxiolysis?
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Figure 1. Schematic of neuroanatomic loci mediating differing BZ effects.
In this schematic, the various effects of BZs are represented as being mediated by separate
neuroanatomic lod. This possibility can be tested by injecting BZs directly into specific

anatomic drcuits. Another possibility, not seen in this figure, is that several effects may be
mediated by common neuroanatomic lod. Itis also possible that more than one locus may

mediate a particular behavior.

To evaluate the role of the amygdala, methods for intra-cerebral infusions
followed by behavioral testing in mice were developed. Then both DS and DR mice
were bilaterally cannulated using stereotaxic surgery. After recovery from surgery,

chlordiazepoxide (CDi’; Librium) was infused into the amygdala. Following infusion

b

the mice were examined for anxiolysis and several other effects normally produced by
systemic BZ injections: muscle relaxation, ataxia, locomotor hypoactivity, locomotor
activation, and protection against PTZ-induced seizures. Differences in the anxiolytic

effect of intra-amygdala CDP injections in DS and DR mice were examined. It was



expected that the amygdala could mediate differences in sensitivity to anxiolysis. That
is, anxiolysis could be more readily produced in one line (DR) than the other (DS).
These differences would implicate the amygdala in genetic influences on sensitivity to
BZ-induced anxiolysis.

Furthermore, the amygdala was not expected to be involved in mediating other
effects of BZs. By implicating the amygdala in a specific behavioral difference, more
focused examinations of this region would be justified. For example,
electrophysiologic, morphologic, and biochemical differences between DS and DR in
the amygdala (or its projection sites) could be examined. Any functional differences
between DS and DR mice in this specific anatomic location could therefore be
implicated in the differences in anxiolysis--and not be implicated in sensitivity
differences for other BZ effects.

For example, functional differences in specific cell types in the amygdala of DS
and DR mice would implicate these cellular differences in anxiolytic sensitivity but not
ataxic sensitivity. Or receptor subtype differences in the amygdala would be
specifically implicaté\ these receptor subtypes in anxiolysis. The relationship of the
amygdala with other areas could also be explored. For example, the firing rate of
dorsal raphe neurons or the level of serotonin in the hippocampus could be measured
following intra-amygdala BZ injections. Differences in these measures in DS and DR
mice would specifically implicate these phenomena in anxiolysis.

Although identification of the amygdala as a locus involved in differences in
anxiolytic sensitivity was a purpose of this thesis, identification of the anatomical areas
that underlie other behavioral effects was beyond the scope of this project. However,
similar studies to examine other BZ-influenced behaviors could be executed in future
experiments. For example, the neuroanatomic loci that mediate locomotor activation

could be identified using micro-injections. Functional differences in these specified



locations could then be implicated in differences in sensitivity to locomotor activation.
Similarly, ataxia and the other behavioral effects of BZ could be examined.

To reiterate, a robust difference in sensitivity to anxiolysis has developed in DS
and DR mice, though they were not specifically bred for this difference. This thesis
focuses on a neuroanatomic evaluation of the mechanisms underlying this specific
behavioral difference. Future experiments are necessary to explore the neuroanatomy
underlying additional behavioral differences. Ultimately, a more complete picture of
the anatomic loci involved in mediating and influencing the many behavioral effects of

BZs is desired.

1.2 Methods in functional neuroanatomy

A number of techniques are available for examining the functional
neuroanatomy of BZs. One set of techniques relies on imaging. For example, the
density of receptors in various brain areas can be examined using either quantitative
autoradiography (Benavides et al. 1993; Young and Kuhar 1980) or
immunohistochemistry (Benke et al. 1991c; Thompson et al. 1992). In situ
hybridization can be used to determine the levels of mRNA in various brain areas
(Wisden et al. 1992). Positron emission tomography (PET) can also be used to
measure in vivo binding of BZs (Halldin et al. 1992). BZ-induced changes in regional
glucose uptake can be measured using radiolabeled deoxy-glucose (Laurie and Pratt
1993), and regional changes in blood flow can be measured using PET scans (Friston
et al. 1992).

These types of techniques provide some indication about where a drug might act
and which brain areas might be affected. However, BZ receptors exist throughout the
brain (Young and Kuhar 1980), and they are capable of affecting the function of most
neuroanatomical areas (Piercey et al. 1991). Therefore, these techniques do not

indicate which areas are responsible for which specific effects.



Another useful technique involves microdialysis. Benzodiazepines are capable
of affecting the release of many other neurotransmitters in specific brain areas; for
example, serotonin in the hippocampus (Wright et al. 1992a), dopamine in the nucleus
accumbens (Horger et al. 1995), and histamine in the caudate (Chikai et al. 1993).
This information can be used to determine the circuits involved in the effects of BZs,
although it is difficult with this technique to determine which neurochemical effects are
associated with which behavioral effect. For example, which of BZ's many behavioral
effects is influenced by the effect on hippocampal serotonin?

A more direct method of assessing which neuroanatomical areas may mediate
the effects of BZs is to directly inject the compounds into specific brain areas. These
micro-injections can be followed by behavioral and physiological evaluation. In this
manner, the role of distinct and specific loci in various behaviors can be tested. This
method is made feasible through the use of stereotaxic instruments and micro-injection
techniques. As early as 1979 this method has been successfully used to examine BZs
(Nagy et al. 1979).

Conclusions using this technique are limited by the anatomic specificity of the
injections, and this is influenced by the size of the brain area being examined. This has
restricted the use of this technique in mice, with their smaller sized brains. The animal
generally used for these studies has been the rat.

However a number of genetic manipulations are now feasible in mice; for
example, selective breeding, genetic knockouts, and recombinant inbred analysis
(Crabbe et al. 1994). ;Fhe genome of the mouse is also being densely mapped
(Takahashi et al. 1994). Functional neuroanatomical experiments will be invaluable in
determining the effects ‘bn the underlying neurophysiology as influenced by these

genetic manipulations.



Towards this end, stereotaxic surgery and micro-injections have been developed
for examinations of mice in this thesis. The genetic influences on behavior in DS and
DR mice can therefore be examined at the level of functional neuroanatomy, and
differences delineated at this level. The approach of combining murine genetics with
functional neuroanatomy is proposed to offer a powerful tool for exploring the

mechanisms of behavior.

1.3 Selective Breeding for diazepam sensitivity

The DS and DR lines (Gallaher et al. 1987) were created using a mass selection
procedure (DeFries 1981; Falconer 1983; Roberts 1981). Each line consisted of ten
breeding pairs that were selected for sensitivity to diazepam (the DS line) or resistance
to diazepam (the DR line). Sensitivity was defined as the duration of ataxia on a fixed-
velocity rotarod after a standard dose of diazepam. The original stock population was
obtained from a heterogeneous line of mice (HS/Ibg) created by systematic
crossbreeding of eight different inbred mouse lines (McClearn et al. 1970). Selective
breeding of the DS and DR lines occurred for 36 generations. An estimated heritability
for sensitivity to ataxia in this outbred stock population was about 0.2 (Gallaher et al.
1987). Selection was discontinued after 36 generations. Since then, each line has been
randomly bred with ten breeding pairs for each generation.

The use of DS and DR mice in this study has several advantages. The main
advantage is that, although selected for differences in sencitivity to ataxia, they also
exhibit robust differerices in sensitivity to the anxiolytic effect of BZs. And
interestingly, the "DS™ mice are resistant to anxiolysis while the "DR" mice are
sensitive to anxiolysis. "This paradoxical difference could be useful in distinguishing
the differences in mechanisms influencing anxiety and ataxia.

By implicating particular neuroanatomic regions with specific differences in

sensitivity, physiological differences in these neuroanatomic regions can be implicated



in specific behavioral differences (Figure 2). That is, if neuroanatomic region '1'
mediates differences in effect 'A’ then physiologic differences in region 1 will be
implicated in differences in sensitivity to effect 'A.’ Similary, differences in any
physiologic changes following specific injection into region '1' will be implicated in

effect 'A." Likewise, if neuroanatomic region '2' mediates differences in effect 'B'

Anxiolysis
Anatomic locus 1 -"’
DR mice

BZ

~a

- Anatomic locus 2 —p At
a

Anxiolysis
Anatomic locus 1 —

DS mice /

BZ

‘ Anatomic locus 2 \“ R

Figure 2. Schematic of differing anatomic loci for anxiolysis and ataxia in
DS and DR mice. This diagram illustrates the hypothesis that the anatomic loci
mediating anxiolysis and ataxia are different. Furthermore, the ability of BZs to affect the
anatomic locus mediating anxiolysis is greater in DR mice than DS mice, as indicated by the
thickness of the arrows., Conversely, the ability of BZs to affect the anatomic locus
mediating ataxia is greater in DS mice, as indicated by the thickness of the arrows.
Physiological differences in anatomic locus 1 can be implicated in mediating differences in
sensitivity to anxiolysis. Physiological differences in anatomic locus 2 can be implicated in

mediating differences in sensitivity to ataxia.



then physiologic differences in region 2 will be implicated in differences in sensitivity
to effect 'B." Thus, step one is identification of neuroanatomic regions that can
contribute to behavioral differences. Step two is to perform more focused examinations
of these regions. In the case of anxiolysis, neuroanatomic loci which may contribute to
differences in anxiolysis will be identified. Once identified, these loci can be examined
in future studies for physiological differences.

Although a finding of correlated differences between the physiology of
neuroanatomic loci and the behavior(s) associated with those loci is not conclusive
proof that those differences are causally related, such differences will justify future
manipulations to determine physiological relevance. In this manner, known
genetic/behavioral correlations can be correlated with differences at biochemical,
neurochemical, and neuroanatomic levels. This basic strategy of correlating behavioral
differences with other differences is being applied to a number of other selectively bred
lines; for example, the neurophysiological bases of emotional reactivity (Castanon and
Mormede 1994; Charnay et al. 1995), alcohol withdrawal severity (Crabbe and Phillips
1993), and analgesic sensitivity to opiates (Belknap and O'Toole 1991) .

Because the mice used in this study differ in their sensitivity to a number of
effects of BZs, an approach is introduced which begins with an examination of the
specific neuroanatomic loci involved in specific behaviors. It is the ultimate goal of this
approach to identify causal links among several levels of inquiry including genetics,
cellular physiology, n.eurozinatomical systems, and behavior.

To summariz:a, genetic differences cause molecular differences which result in
differences at the level Abf the cell. These differences result in neuroanatomic and
neurochemical differences which consequently result in differences at the level of

functioning circuitry. These differences are then manifested as behavioral differences

10



(Table 1). By identifying the mechanisms responsible for differences in sensitivity to
the various effects of BZs, it is expected that the functional systems involved in
mediating these effects will be better understood. The neuroanatomic loci involved in
mediating each these effects can be examined to identify these mechanisms. Further
examination of these specific loci will implicate the differences in those areas with
specific behavioral differences.

The DS and DR lines have behavioral differences in sensitivity to BZs as a
result of genetic differences. That is, selective breeding has resulted in a segregation of
genes through direct selectional pressure, through genetic drift, or through a
combination of these mechanisms. These genetic differences have resulted in
differences in sensitivity to some behavioral effects of BZs. (The DS mice are more
senstitive to ataxia, the DR mice are more sensitive to anxiolysis, and the lines are
equally sensitive to seizure protection.) By finding differences at neuroanatomic levels,
and subsequently at the other levels of examination, connections between the different
levels of inquiry can be determined.

Several caveats need to be noted. One, these mice were bred solely for
differences in response to diazepam on the rotarod. Secondly, replicate lines do not
exist for the DS and DR mice. Finally, these lines of mice have been partially inbred
during their selection. These caveats influence the interpretation of differences found
between these selectively bred lines (Crabbe et al. 1990). The development of the DS
and DR mice may have resulted in a segregation of genes and traits genetically unrelated
to ataxic sensitivity td BZs. That is, genetic drift resulting from inbreeding may have
fixed unrelated genes‘ and raits in these lines. These genes and traits may be unrelated

to BZ sensitivity.

11



Differences Mechanism
genetc differences arise through selective

Genetic breeding: genes to be identified
Molecular Unknown: to be identified
Cellular Unknown: to be identified
Neuroanatomic Unknown: to be identified
Neurochemical Unknown: to be identified
System Unknown: to be identified
Behavior Behavioral differences are observed

Table 1. Levels of differences between selectively bred mice. Behavioral
differences in mice resulting from genetic difference are mediated by several levels, from
molecules to functioning anatomic drcuits. Understanding the mechanisms of action of BZs

requires an understanding at each level.

Therefore, any given cellular or neuroanatomic difference cannot necessarily be
causally attributed to any particular behavioral differences. A physiological link
between behavioral differences and cellular/neuroanatomic differences will only be a
strongly suggested brobability, subject to further testing (Henderson 1989). While
confirmation of correlated differences will require additional experiments, an advantage
of using these lines is that correlations between physiology and behavior provides a
rationale for more focused examinations to confirm or refute these correlations.

A second advantage of using the DS and DR mice is that for each of the
behaviors to be analyzed, at least one of the lines has been demonstrated to exhibit
robust sensitivity to the effect of systemic diazepam. This decreases the interpretative
" difficulty of finding r;o behavioral effects after intra-cerebral injections. Negative
behavioral findings in some studies can be the result of using a genetically resistant
line. This problem can be avoided by using lines known to be both sensitive and

resistant to the effect. If a particular behavioral response is not produced in either line,
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the conclusion that the néuroanatornical locus is not involved in mediating that behavior
is strengthened and more generalizable.

A third advantage of investigating genetic differences in sensitvity in mice is
that an understanding of individual differences in human BZ sensitivity can be better
attained. Itis possible that the differences in the DS and DR mice may be homologous
to the differences in humans at the genetic, biochemical, cellular, and/or neuroanatomic
level. Since there are genetic differences in sensitivity to various drug effects in
humans (Crabbe et al. 1994; Rang and Dale 1991), individualized clinical treatment is
aided by understanding and predicting these differences in sensitivity.

In summary, there are several advantages for using DS and DR mice in
determining the amygdala's role in BZ anxiolysis. One, if the amygdala can mediate
genetic differences in sensitivity to BZ anxiolysis, then subsequent electrophysiologic
or neurochemical differences between amygdalas can be correlated specifically with
sensitivity to BZ anxiolysis. These correlations can be verified with future
experiments. In this fashion, the mechanisms underlying the anxiolytic effect of BZs,
from gene to molecﬁle to anatomic circuitry can be determined. In addition, the
ground-work is paved such that several other effects of BZs can be similarly examined
in the DS and DR mice, such as locomotor activation and sedation. A second
advantage of using DS and DR mice is that if a behavior is not affected in either line,
this result will be more generalizable to genetically different mouse lines. Third, the
mechanisms underlying genetic differences in mice can potentially be used to

understand the individual genetic differences in humans.

1.4 Molecular pharmacology of the BZ receptor
The central benzodiazepine receptor is comprised of a number of subunits. At
least fifteen subunits have been described to date (Barnard 1995). These subunits

assemble to form a chloride ionophore, generally a pentamer, which is gated by the
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neurotransmitter y-amino butyric acid (GABA) (Smith and Olsen 1995). BZs act to
enhance the current produced by GABAergic stimulation. By augmenting the GABA-
stimulated chloride flux, the effect of BZs is usually to maintain the cell in a
hyperpolarized, inhibited state. Various combinations of subunits may combine to
form receptors with differing pharmacologies and functions (Doble and Martin 1992;
Mohler et al. 1995).

Various ligands at the BZ receptor have different affinities depending on the
brain region examined. For example, zolpidem and C1218872 are compounds that
exhibit heterogeneous binding (Luddens et al. 1995). This type of finding was an early
clue that there are different types of receptors in the brain in various neuroanatornical
loci. Another indication that different BZ receptor subtypes exist is that different
ligands have different potencies and efficacies at producing various effects. For
example, zolpidem can be more potent at eliciting sedation and seizure protection than at
producing myorelaxation. Conversely, quazepam and bretizolam are more potent at
producing rnyorelaxation than sedation and seizure protection (Perrault et al. 1990).
Another indication that the different effects may be mediated by different receptor types
is the observation that chronic BZ treatment can result in tolerance to some behaviors
and not others (Rosenberg et al. 1991).

The realization that the BZ subunits may combine into potentially hundreds of
types of central BZ receptors has led to two related lines of research. One, ligands have
different potencies and efficacies at producing behavioral effects. These ligands are
therefore being exami}led for different potencies and efficacies in various subunit
combinations expressed in virro. In this manner, the in vitro effect of a drug on
particular subunit coml;inations can be correlated with its behavior effects (Costa and
Guidotti 1996). This information will provide a rational basis for producing

compounds with specific behavior effects.
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The other strategy is to determine which receptor subunits are colocalized in
receptors in various cellular and neuroanatomical locations (Mobhler et al. 1995). One
way in which this is done is to immunoprecipitate BZ receptors using antibodies to
specific subunits and to then examine their association with other subunits (Benke et al.
1991b; Fritschy and Mohler 1995). With this technique, the in vivo composition of
receptors is determined. Immunoprecipitated receptors can also be analyzed for their
ability to bind differently to various ligands.

The information about the subtypes of receptors in various brain areas can be
combined with information about the neuroanatomical circuits in which BZs act to
produce particular behavioral effects. However, there is a lack of detailed information
regarding the functional neuroanatomy of BZs. One purpose of the experiments
reported in this study is to determine which specific loci mediate specific behaviors.
This information can then be combined with the data regarding the types of receptors in

specific loci and the efficacies of behaviorally specific ligands at those receptor types.

2.0 Genetics of BZ sensitivity

Although this study does not directly examine the issue of genetic correlations
between BZ's behavioral effects, several other studies are providing this type of data.
Genetic influences on different BZ effects have been observed to (1) positively
correlate, (2) negatively correlate, and (3) not correlate. A finding in these studies is
that several of the effects of BZs do not consistently correlate in one direction. This
suggests that these effects Can be influenced by separate genes and may therefore be
mediated by separate‘physiological processes. This observation is consistent with the
findings of the bindingkresults of other experiments. However, some behavioral effects

consistently correlate. This suggests that these effects are influenced by common genes
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and may therefore be mediated by common physiological processes. A survey of some

of these genetic influences on BZ sensitivity will be presented.

2.1 Genetics of BZ sensitivity in mice

A large degree of variation in sensitivity to the loss-of-righting reflex (LORR)
following diazepam injection was observed in Swiss Webster mice (Wong et al. 1986).
Because these are outbred mice, it has been hypothesized that some of this variation
may have been the result of genetic variation (Wong et al. 1986). This type of
variability in sensitivity to BZs has been found in other studies (File 1983b). Both
environmental factors as well as genetic factors may have contributed to this phenotypic
variation.

Mouse lines have subsequently been selected for enhanced sensitivity to
diazepam-induced LORR--demonstrating that genetic differences contributed to the
phenotypic differences (Wong and Teo 1990). In addition, the mice that were more
sensitive than control mice to the LORR were also more sensitive to the ataxic effects of
diazepam on the rotarod (Wong and Teo 1990). This suggests that these two effects
may share a common mechanism. Sensitivity to protection against PTZ-induced
seizures was not altered by this genetic selection (Wong and Teo 1990). This result
suggests that protection against seizures may be influenced by separate genes and may
therefore have a different mechanism.

Though the previous study did not find differences in seizure protective effects,
there are strain differences in mice in the ability of BZs to protect against PTZ-induced
seizures (File 1983a; File eg al. 1985; Wilks et al. 1987). This suggests that seizure
protection can be genetically influenced, though the genes are not the same as those that
influence LORR and ataxia.

Genetic differences in the effects of BZs on exploratory activity in a light/dark

paradigm have also been examined in inbred strains of mice (Crawley and Davis 1982;
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Mathis et al. 1994). The results indicate that genetics also contribute to sensitivity to
anxiolysis. Differences in anxiolytic sensitivity have also been found in mice
selectively bred for other traits. For example, LS mice (bred for sensitivity to ethanol
on LORR) were more sensitive to the anxiolytic effects of diazepam on the plus maze
than SS mice (bred for resistance to ethanol on LORR). LS mice were also more
sensitive to LORR induced by flurazepam. In these mice, sensitivity to LORR and
anxiolysis positively correlated.

Interestingly, diazepam was more potent at increasing total entries in SS mice
than LS mice (Stinchcomb et al. 1989). Thus, anxiolysis and locomotor activation
were negatively correlated in these mice, while anxiolysis and ataxia were positively
correlated. SS mice were also more sensitive to the protection against convulsions
induced by 3-mercaptoproprionic acid, and the two lines were equivalent in the
decrease in temperature produced by diazepam (Marley et al. 1988).

A number of other studies have found other types of differences in sensitivity to
BZs. Mice which were selectively bred for low aggression were sensitive to
decrements in locon{otor behavior produced by CDP (Weerts et al. 1992). There are
also strain differences in sensitivity to seizures induced by inverse agonists at the BZ
receptor (Martin et al. 1994; Nutt and Lister 1988). Also, strain differences in
sensitivity to BZ-induced hypothermia have been found (Jackson and Nutt 1992).
Therefore, there can be genetic influences on hypothermia as well.

The DS and DR mice were created to utilize genetic differences in further
exploring the neurophysiolegy of BZs (Gallaher et al. 1987). Consistent with the
results of the above sthdies, genetic sensitivity to the ataxic effect of BZs did not
correlate with sensitivity to the seizure-protective effects (Gallaher et al. 1991). In
addition, sensitivity to both the locomotor activating effects (Phillips and Gallaher

1992) and the anxiolytic effects (Courtney et al. in prep.) were found to correlate with
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resistance to.the ataxic effect in the DS and DR mice. This is in contrast to the results
found with the LS and SS mice. In that experiment, sensitivity to anxiolysis and ataxia
positively correlated. The genetic relationship between these two effects is still under
study.

Using quantitative autoradiography, no differences in BZ binding have been
found between the DS and DR lines (Gallaher et al. 1991). However, DS cortical
synaptosomes were more sensitive to BZ enhancement of GABA-stimulated Cl- flux
(Gallaher et al. 1991). These results suggest that there may not be differences in the
number or affinity of BZ receptors, though the efficacy of BZs at augmenting C1- flux
may differ. There may be more subtle differences in efficacy in distinct
neuroanatomical areas. This is still to be determined.

DS mice are also more sensitive than DR mice to the ataxic effects of ethanol
and phenobarbital, and they are equally sensitive to the ataxic effects of pentobarbital.
Consistent with this, the uptake of Cl” in synaptosomes was enhanced by flunitrazepam
in DS but not in DR mice. Both ethanol and Phenobarbital, and not pentobarbital, were
also able to augment CI~ flux more in DS mice than DR mice (Allan et al. 1988).
Therefore, sensitivity to these cellular effects correlated with sensitivity to the ataxic and
sedative effects. These results suggest that the ability of BZs to enhance GABA uptake
in synaptosomes may underlie the ataxic and sedative effects.

The lines also differed in anesthetic sensitivity to halothane and enflurane
(McCrae et al. 1993). Additionally, the DS mice were more sensitive to the potentiation
of GABA-induced chloride-flux produced by halothane (Quinlan et al. 1993).
Therefore, sensitivity to anesthesia is another effect which is correlated with the
sensitivity of cortical synaptosomes.

However, the lines are equally sensitive to the seizure protective effects of BZs.

Also, the DR mice are more sensitive to the anxiolytic and locomotor activating effects.
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Thus, the differences in efficacy in whole brain synaptosomes may be not directly
underlie these effects. It is expected that other physiologic differences may underlie
these differences in behavioral sensitivity.

To confirm many of these correlations and explore others, another set of
selectively bred mice are being developed (Gallaher et al. 1992). Two independent but
comparable lines are being selectively bred for resistance to the ataxic effect of BZs
(diazepam high performing mice, DHP-1 and DHP-2), and two other lines are being
independently selected for sensitivity (diazepam low performing mice, DLP-1 and
DLP-2). Initial examinations of these lines indicated that the genes influencing
sensitivity to anxiolysis do not co- segregate with the genes influencing sensitivity to
ataxia (Lotrich and Gallaher, personal comm.). This is consistent with the supposition
that these two effects of BZs are mediated by separate systems.

In summary, there is a wide range of effects produced by BZs that are
influenced by genetic differences: LORR, ataxia, seizure protection, locomotor
sedation, anxiolysis, exploratory activity, and hypothermia. In some experiments,
some of these effects have consistently correlated, suggesting that these effects share a
common underlying mechanism; for example, ataxia, LORR, and locomotor
hypoactivity. Other effects have not consistently correlated. This suggests that the
underlying neurophysiology for these effects may be different. The observation that
different sets of genes can separately affect sensitivity to a number of measures
provides a tool for delineating the mechanisms mediating each of the distinct effects.

Z.2 Humar; genetics of BZ sensitivity

Despite the fact“that humans exhibit a large degrees of variation in response to
BZs (Malamed and Quinn 1995), there have been few systematic studies examining

human sensitivity to BZs. It is possible that some of this variation may be the result of
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environmental causes (Branch 1987). However, one study that examined human twins
found that there is genetic variation in sensitivity to the anxiolytic and euphoric effects
of diazepam (Alda et al. 1987). This difference was not the result of any
pharmacokinetic differences. Differences in sensitivity to the euphoric effects may be
related to a family history of alcoholism (Ciraulo 1989 and de Wit 1991).

Also, patients with panic disorder had diminished sensitivity to diazepam-
induced suppression of sympathetic nervous system (Rimon et al. 1995). Because
there is evidence that panic disorder may have a genetic influence, the sensitivity to
diazepam may also be influenced by genetics in humans. Similarly, individuals with
lower concentrations of cerebrospinal fluid GABA did not benefit from alprazolam
therapy. Although the role of genetics in these differences was not investigated in that
study, there is a possibility that the effectiveness of alprazolam was influenced by
differences in genetics (Rimon et al. 1995).

Differences in sensitivity to diazepam's effects on eye saccades has also been
found. For example, novelty seeking was found to correlate with sensitivity to
diazepam (Cowley ei al. 1993). It is again possible that these diffences may be
genetically mediated, however this remains to be determined.

In summary, a few studies found differences in sensitivity to BZs which
correlated with biological or psychological differences. Part of this sensitivity may be
under genetic control. Some of the paradoxical effects of BZs such as psychoses and
hyperexcitability in humans may also be influenced by genetics (Short et al. 1987).
Understanding the neurophysiology of these differences and predicting them will be

useful in developing more effective reatments for sensitive or resistant individuals.
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3.0 Anxiety:

How is it defined and studied in animals?

A variety of approaches have been developed for modeling anxiety in animals

(Treit 1985; Green and Hodges 1991; Sanger 1994) (Table 2). Implicit in many of

these paradigms is the assumption that "anxiety” is the result of novel or exposed

situations, the anticipation of punishment or harm, and/or the presence of punishment.

@

an

Tests of unconditioned behaviors

(D

©)

Single, novel environment paradigms
(a) Exploratory behavior
Open field test
Hole-board test
Staircase test
(b) Socializing behavior
(c) Eating behavior

Behaviors in "threatening” environments

(a) Risk assessment behaviors
in presence of a cat

(b) Stretch attend posture

Two environment paradigms

(a) Light-dark crossing

(b) Plus maze

(©) Zero maze

(d) Thigmotaxis

Tests using conditioned behavior

(1

2

Inhibition of behavior

(a) Four plate test

(b Geller-Seifter conflict paradigm
(c) Vogel water-lick conflict

(d) Passive avoidance

(e Active two-plate avoidance

63 Successive sucrose constrast
Increases in behavior

(a) Potentiated startle

(b) Conditioned defensive burying

(Fukuda & Iwahara 1974)
(File & Wardill 1975)
(Simiand et al. 1984)
(File & Hyde 1978)
(Poschel 1971)

(Blanchard et al. 1990)
(Pollard & Howard 1988)

(Crawley 1981)
(Montgomery 1958)
(Shepherd et al. 1994)
(Treit & Fundytus 1989)

(Boissier et al. 1968)
(Geller & Seifter 1960)
(Vogel etal. 1971)

(Gray 1982)

(Green & Hodges 1991)
(Flaherty & Rowan 1986)

(Davis 1986)
(Treit et al. 1981)

Table 2. Anxiety paradigms in rodents. This list includes many of the models

commonly used to evaluate anxiety in rodents, but is not comprehensive. A number of

variations on each of these models exists (adapted from Green and Hodges 1991; Sanger

1994)..
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As a result of the experimental "anxiety," animals substitute one set of behaviors for
another. For example, (a) drinking, (b) eating, (c) socializing, and (d) exploratory
behaviors are replaced by (a) avoidance of the anxiety-provoking agent/area, (b)
increased wariness, freezing, and susceptibility to startle, and (c) species-specific
burying of the anxiety-provoking agent.

In the paradigms measuring behavior in one environment, anxiety is presumed
to decrease exploratory and social behavior. Anxiolytic agents restore these behaviors.
In the paradigms in which subjects can choose between two environments, there is
avoidance of the anxiety-provoking area (light area, open arm, or the center of an open
field). Anxiolytics increase the percentage of time spent in these areas. In the conflict
tests, animals are trained to avoid an aversive stimulus (for example, a shock). This
avoidance is decreased by anxiolytics. In the potentiated startle paradigm, exposure to
a stimulus which has been paired with an aversive stimulus is used to enhance the
startle reflex. This enhancement is reversed by anxiolytics. In the conditioned
defensive burying paradigm, an aversive object (an electrified metal probe) is placed in
the cage. Rats will normally bury this type of object. This burying behavior can be
reversed by anxiolytics.

There are four general types of hypotheses for the effects of BZs in these
paradigms. The disinhibition hypothesis states that BZs release behavior which has
been suppressed by the punishment, novel stimuli, or non-reinforcement. For
example, a behavior inhibition system may become activated in response to novel
stimuli, punishment, or non-reward. This system would then inhibit ongoing behavior,
increasing arousal and attention. Activity of this system is hypothesized to constitute
"anxiety." BZs may inhibit this system (Gray 1982).

Perseveration is a second explanation for the effects of BZ on these paradigms

(Dantzer 1977). This is an inability to change behavior patterns in the face of
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punishment or non-reinforcement. A third possible explanation is that BZs reduce the
tolerance for reward delay (Thiebot et al. 1985), and a fourth hypothesis is that global
information processing is altered (Ljungberg 1987). These hypotheses could account
for a number of the behavioral effects of BZs in a number of anxiety paradigms. The
specific psychological explanation which accounts for these effects of BZs remains
under study.

Plus Maze: The plus maze is the paradigm used in the current study. This
procedure is a well-validated paradigm for measuring anxiolysis (Green and Hodges
1991). Avoidance of the open arms in favor of the closed arms is used as a measure of
anxiety. The basic principle is that the open arms are more anxiety-provoking than the
closed arms (Montgomery 1958). Therefore, animals avoid the open arms in favor of
the relatively "safe” enclosed arms. It is hypothesized that rodents avoid the open arms
because of the open space and not as a result of height or novelty (Treit et al. 1993a).
Consistent with the hypothesis that anxiety is involved in the avoidance of the open
arms, a variety of drugs known be anxiolytic in humans are effective in increasing open
arm activity. Also, hormonal levels have been measured in rats confined to the open
arms. The findings of increased corticosterone are consistent with the hypothesis that
performance on this task is influenced by systems which are homologous to human
anxiety (Pellow and File 1986). Rats confined to the open arms also exhibited
increased levels of defecation and freezing behavior (Pellow et al. 1985).

The plus maze was first used for the mouse by Lister (Lister 1987). A factor
analysis of the results indicated that one factor (anxiety) was reflected in percent open
time, percent open entries, and in part, by the total number of entries. A second factor
was related to total entries and total locomotor activity. A third factor was correlated
with head dipping behavior. An additional study using unmedicated mice found similar

results. The first factor was related to "anxiety," and the second correlated with
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measures of "activity." In this study, a third factor correlated with the percent of time
spent in the center (Rodgers and Johnson 1995).

One feature of the plus maze is that it simultaneously measures both locomotor
activity and anxiety. These studies indicate that the percent of open arm entries
(anxiety) can potentially be independent of total arm entries (activity). For example,
anxiogenic treatments could either increase or decrease total arm entries though the
percentage of open arm entries would be decreased. Likewise, anxiolytic treatments
could either increase or decrease total arm entries--while increasing the percentage of
open arm entries.

However, these two measurements (percent open entries and total activity) may
not always be totally independent (Dawson et al. 1995). It has been suggested that
treatments which affect locomotor activity may confound the measure of percent open
arms entries (Dawson et al. 1995). The exact relationship between locomotor activation
and anxiolysis remains under study. Although the studies by Lister (1987) support the
notion that these two measurements reflect different underlying effects, the potential
interaction must be regarded with care.

Lengthy training, often necessary in many conflict paradigms, is not needed
with the plus maze. Thus, this paradigm is well-suited for measuring anxiolytic effects
in surgically cannulated subjects. Additionally, the plus maze is capable of measuring
anxiogenic effects (Rodgers and Johnson 1995). Because of these characteristics, the

plus maze was chosen for the studics reported in this thesis.
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4.0 Neuroanatomy

This section provides a review of the neuroanatomy mediating BZ effects,

intended to familiarize the reader with the current state of knowledge regarding the

neuroanatomic loci at which BZs act. The main focus is anxiolysis. However other

effects of BZs will also be reviewed (Table 3).

Anxiolysis Seizure protection
Amygdala Substantia nigra reticulata
Septum Mammillary bodies
Mammillary body Anterior thalamus
Dorsal raphe nucleus Inferior colliculus
Dorsal periaqueductal grey Cerebellum
Hippocampus Hippocampus
Inferior colliculus Reticular formation
Hypothalamus Cortex
Cortex
Amnesia
Sedation Medial septum
Cortex Amygdala
Ventral pallidum Hippocampus
Nucleus accumbens Dorsal raphe nucleus
Amygdala Nucleus basalis
Hypnosis Attention
Dorsal pedunculopontine tegmentum Nucleus basalis
Reticular activating system Cortex
Tuberomammillary nucleus
Medial preoptic nucleus Ataxia
Cortex Cerebellum
Vestibular nuclei
Locomotor activation Nucleus basalis
Dorsal raphe nucleus Inferior olive
Medial raphe nucleus Caudate
Ventral tegmemtal area
Dentate gyrus
Medial septum

Preoptic area
Mediodorsal thalamus

Table 3. Selected neuroanatomic areas potentially mediating various BZ
effects. This table lists several BZ effects and some of their possible underlying anatomic
lodi, though not all BZ effects and potental loci are included (see text for references).. The

following text reviews the role of these possibile regions in mediating BZ effects.
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4.1a Neuroanatomy of anxiety

A variety of neuroanatomical structures have been implicated in anxiety; for
example, the amygdala, the septal nuclei, the dorsal and medial raphe nucleus, the
dorsal periaqueductal grey, the hippocampus, the mammillary bodies, the ventromedial
thalamus, the hypothalamus, the substantia nigra, the inferior colliculus, and various
areas of the cortex (Pratt 1992). Lesions, electrical simulation, or localized chemical
stimulation of these areas directly address the issue of their involvement in anxiety.
The neuroanatomic sites in which BZs act to reduce anxiety has either been inferred
based on the results of these studies or directly tested by micro-injections of BZs into
these areas.

Amygdala: Surgical lesions of the amygdala reduce anxiety in humans. There
is decreased aggression, as well as an increase in "placidity” and "indifference”
(Aggleton 1993). The human amygdala is also required to recognize fear expressions
in the faces of others. In patients with amygdala lesions, identities of pictures could be
recognized but not the emotion expressed in the picture (Adolphs et al. 1995).

A number of lesion experiments in rats also implicate the amygdala. Lesions of
the central nucleus of the amygdala (CEA) produce anxiolytic effects in several conflict
paradigms (Yamashita et al. 1989b; Yadin et al. 1991; Kopchia et al. 1992).
Interestingly, in the shock-probe paradigm CEA lesions increase shock probe contacts
but do not affect probe burying behavior or open arm exploration in the plus maze
(Treit et al. 1993b). This latter study suggests that BZs may act in the CEA to increase
punished behavior, but lesions of this area may not be responsible for increases in open
arm exploration in the plus maze or decreases in the duration of burying behavior--two
other indexes of anxiolysis.

In the potentiated startle paradigm, both CEA and anterolateral/basolateral

amygdala (AL/BLA) lesions block fear conditioning (Campeau and Davis 1995).
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Conversely, kindling of the amygdala results in enhanced potentiated startle (Rosen et
al. 1996). Lesions here also block both the acquisition and the expression of
potentiated startle (Kim and Davis 1993). Furthermore, lesions of the AL/BLA block
shock sensitization of startle (Sananes and Davis 1992). Because the amygdala projects
to the startle circuitry in the reticular activating system, this connection may be
responsible for affecting the startle responses (Davis et al. 1993). In support of this,
neurons in the amygdala are capable of acquiring responses to stimuli which have been
paired with aversive events. For example, repeated pairing of a tone with foot shocks
increases the magnitude of tone-elicited electrophysiological responses in the lateral
amygdala, and convert unresponsive cells into tone-responsive cells (Quirk et al.
3993).

Freezing has also been used as a measure of conditioned fear. A stimulus
which had been paired with shock is presented to the animal, resulting in analgesia and
freezing. Lesions of the BLA block both the conditioned analgesia and freezing
(Helmstetter 1992a; Watkins et al. 1993). Lidocaine in the amygdala, producing a
temporary lesion, also blocks conditioned stimulus-induced freezing (Helmstetter
1992b). In addition, amygdala lesions eliminate freezing in a shuttle box in rats which
have undergone inescapable shock training (Maier et al. 1993b), and freezing following
footshock is blocked by amygdala or ventral periaqueductal grey (vVPAG) lesions (Kim
et al. 1993).

Activation of the hypothalamic-pituitary-adrenal axis may also result from
aversive/anxiety-provoking events. Both conditioned stress and immobilization stress
result in increases in corticosterone and renin. Lesions of the CEA blocked these
effects (Roozendaal et al. 1992; Vandekar et al. 1991).

Consistent with these lesion studies, one early study found that BZ micro-

njection into the CEA but not the medial or basolateral amygdaloid nuclei had
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anticonflict actions (Shibata et al. 1982). A later study by this same group again
reported anticonflict effects of CEA injections of diazepam (Kataoka et al. 1987).

On the other hand, several groups have observed that BZs have their anti-
conflict effects when injected into the anterolateral and basolateral (AL/ABL) nuclei of
the amygdala (Scheel-Kruger and Petersen 1982; Thomas et al. 1985). One study
found that a ligand at the BZ receptor, zopiclone, does not have any anticonflict effects
when injected in the CEA (Yamashita et al. 1989a). These findings are supported by a
more recent study demonstrating that BZ micro-injection in the basolateral nucleus but
not the CEA increases open arm activity (Green and Vale 1992). A later study by
Shibata et al. (1989) reported that both CEA and ABL injections of BZs result in
anticonflict behavior, and that more anterior areas of the amygdala mediate this effect.
This is similar to an early finding that the anterior regions of the amygdala mediate
diazepam's anxiolytic effects (Nagy et al. 1979).

A more recent study found that midazolam injections into the amygdala causes
an increase in contact with a shock-probe but do not affect burying or open arm activity
in the plus maze (Pesold and Treit 1994). Histological examination of the brains from
this last study revealed that injections were into the CEA. A subsequent study
demonstrated that injections of midazolam into the BLA result in an increase in the
percentage of open arm entries into the plus maze, while injections into the CEA do not.
Conversely, injections into the CEA result in an increase in shock-probe burying, while
injections into the BLA do not (Pesold and Treit 1995). Therefore, prior findings can
be explained by the CEA mediating some anti-conflict effects of BZs, with the AL/ABL

mediating effects on the plus maze and on shock-probe burying behavior.
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Site Paradigm Anxiolysis _ Reference
CEA Conflict Yes (Shibata et al. 1982)
CEA Conflict Yes (Kataoka et al. 1987)
CEA Conflict No (Yamashita et al. 1989a)
CEA Conflict Yes (Shibata et al. 1989)
CEA Shock Probe Yes (Pesold and Treit 1994)
CEA Shock Probe Yes (Pesold and Treit 1995)
CEA Plus Maze No (Green and Vale 1992)
CEA Plus Maze No (Pesold and Treit 1994)
CEA Plus Maze No (Pesold and Treit 1995)
CEA Stress ulcers Yes (Sullivan et al. 1989)
AL/ABL Conflict No (Shibata et al. 1982)
AL/ABL Conflict Yes (Scheel-Kruger and Petersen 1982)
AL/ABL Conflict Yes (Peterson et al. 1985)
AlJABL Conflict Yes (Shibata et al. 1989)
AL/ABL Plus Maze Yes (Green and Vale 1992)
AL/ABL Plus Maze Yes (Pesold and Treit 1995)
AL/ABL Stress-induced Yes (Helmstetter 1993b)
Freezing
AL/ABL Shock Probe No (Pesold and Treit 1995)
Anterior Conflict Yes (Nagy et al. 1979)
Amygdala
Amygdala Conflict Yes (Hodges et al. 1987)
Amygdala Light/Dark Yes (Costall et al. 1989)
Amygdala  Social Interaction ~ Yes (Higgins et al. 1991)
Amygdala Thigmotaxia Yes (McNamara and Skelton 1993b)
Amygdala Conditioned Yes (Harris and Westbrook 1995a)
Avoidance

Table 4: Anxiolysis following BZ injection in the amygdala.

The results of several studies which have micro-injected BZs into the amygdala are

presented. Anxiolysis is indicated by a "Yes,' while no affect on anxiolysis is indicated by a

‘No.'

Micro-injections of BZs into the amygdala also increase social interaction

(Higgins et al. 1991), another potential anxiolytic effect. Furthermore, the anxiolytic

effect of systemically administered CDP on the social interaction test is blocked by BLA

injection of flumazenil, though flumazenil has no effect on its own (Sanders and
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Sheckhar 1995). These studies suggest that the effect of systemic CDP in the social
interaction test is mediated by the BLA.

The effect of intra-amygdala injections has also been tested in a thigmotaxia
paradigm. Chlordiazepoxide was infused into the amygdala, medial septum,
hippocampus, cerebellum, frontal cortex, or nucleus basalis/substantia innominata.
Only intra-amygdala infusions diminished thigmotaxis. Cue learning and swim speed
were not affected (McNamara and Skelton 1993a). This suggests that the amygdala is
also involved in mediating this anxiolytic effect of BZs.

Stress-induced hypoalgesia and defensive freezing are also attenuated by
diazepam in the BLA. In one study, both hypoalgesia and freezing occurred during an
8-min period following a series of three brief foot-shocks (Helmstetter 1993b). Intra-
BLA diazepam attenuated both the hypoalgesia and freezing. In another study, rats
were exposed to a heated floor of a hot plate and tested for conditioned avoidance.
Both hypoalgesia and conditioned avoidance were reduced by intra-amygdala
midazolam. However, when midazolam was injected into the vIPAG, only the
hypoalgesic response was attenuated and not the avoidance response. It was
hypothesized that fearful stimuli activate the amygdala which activates the PAG to
induce freezing and hypoalgesia (Harris and Westbrook 1995b).

It is possible that the amygdala may be involved in a number of other behavioral
and physiologic responses to fearful situations. For example, benzodiazepines injected
into the CEA also attenuate the production of stress ulcers in rats (Ray et al. 1989;
Sullivan et al. 1989). There has also been one prior study examining micro-injections
of BZs in mice. Using the light/dark paradigm, injection of BZ into the amygdala
reduces aversive responses to a brightly lit area. (Costall et al. 1989).

The anxiolytic effects of intra-amygdala injections of BZs are likely the result of

actions at the GABA/BZ receptor. There are GABA immunoreactive interneurons in
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the amygdala (Pare and Smith 1993), with the GABAergic receptors usually on the ‘
soma or on proximal dendrites (Farb et al. 1992). Using micro-puncture to measure
the kD and Bmax in various areas of the brain, the highest binding of BZs in the
amygdala is in the lateral nucleus, though binding exists in the other amygdala nuclei as
well (Thomas et al. 1985).

Four different antagonists, flumazenil, ZK 93426, FG 7142, CGS 8216, when
injected systemicaily, antagonize the anticonflict actions of AL/ABL midazolam micro-
injections supporting an action of BZ at the GABA complex in this brain area (Peterson
etal. 1985). Also, while infusion of a BZ into the amygdala increases punished
responding, inverse agonists infused here decrease punished responding (Hodges et al.
1987). Each of these findings is consistent with BZs acting at the GABA/BZ receptor.

A number of studies have examined the effectiveness of systemic BZs
following lesions of the amygdala. In both amygdala-lesioned and non-lesioned
animals, diazepam increases open arm activity. Also, diazepam decreases burying
behavior in both lesioned and non-lesioned animals. This indicates that an intact
amygdala is not necessary for diazepam's anxiolytic effects in both of these anxiety
paradigms (Treit et al. 1993c). Another study, using the conditioned suppression of
drinking paradigm, found that chlordiazepoxide increases punished responding after
amygdala central nucleus lesions (Kopchia et al. 1992). In fact, the efficacy of
diazepam is increased following lesioning. Using another conflict paradigm after both
whole amy zdala lesions as well as CEA lesions, BZs have anti-punishment effects.
Again, it was observed that the lesions may even enhance the anxiolytic effects (Yadin
et al. 1991).

These studies suggest that the amygdala may not be solely responsible for

mediating anxiolytic effects. One drawback of lesions studies, however, is that



compensatory changes may occur following lesioning. These changes may be reflected
by the increase in efficacy observed following lesions.

To more specifically block the action of BZs in the amygdala without lesioning,
flumazenil (a BZ receptor antagonist) can be injected into the amygdala to block the
anxiolytic effect of systemic BZs. The anxiolytic effect of systemic BZs on the social
interaction test is blocked by BLA injection of flumazenil (Sanders and Sheckhar
1995). Also, intra-amygdala flumazenil blocks the effect of BZs on punished
responding of rats (Hodges et al. 1987). These studies support the conclusion that at
least some effects of systemic CDP in anxiolysis paradigms are mediated by the BLA.

In summary, intra-amygdala injections of benzodiazepines have produced
anxiolytic effects in a wide variety of paradigms. There is some indication that
"anxiety" in different paradigms might be differentially influenced by AL/ABL or CEA
injections. This suggests that these differing paradigms may be measuring different
phenomena. Some studies have attenuated the anxiolytic effect of BZs by injecting an
antagonist directly into the amygdala. However, other studies have found that lesions
of the amygdala do not block the anxiolytic effect BZs. Therefore, although the
amygdala is gUongly implicated in BZ-induced anxiolysis, additional neuroanatomical
areas may also be involved.

Septum: Septal cholinergic neurons are sensitive to diazepam (Kumamoto and
Murata 1995), and may mediate anxiolytic effects. Septal lesions have produced anti-
conflict effects. However, these effects were less robust than those found after
amygdala lesions (Yamashita et al. 1989b). Later studies found that septal lesions can
actually increase "anxiety” as measured with conflict responding (Yadin et al. 1991).
In the potentiated startle paradigm, septal lesions actually increase baseline startle,
though the lesions have no affect on potentiated startle. These lesions do not attenuate

diazepam's anxiolytic effects (Melia and Davis 1990). Septal lesions also do not affect
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the number of shock probe contacts (Treit et al. 1993b). Furthermore, injcciions of
CDP into the medial septum do not produce any anxiolytic effects in a thigmotaxia
paradigm (McNamara and Skelton 1993a). These studies indicate that the septum may
not mediate the anxiolytic effects of BZs.

However, using the plus maze to measure anxiolysis, one group has found that
septal lesions increase open arm entries in the plus maze and mean duration of probe
burying in the shock probe paradigm (Pesold and Treit 1992). Anxiolytic septal lesions
were in the posterior septal nuclei, though the number of shock probe contacts were not
affected by lesioning. This study suggests that the septurn may mediate certain types of
anxiolytic effects but not others. Consistent with this lesion study, intra-septal
midazolam increases open arm activity in the plus maze and decreased burying behavior
but does not affect the number of contacts with the shock-probe (Treit et al. 1993b).

In summary, the septum may mediate some anxiolytic effects and not others.
Because the septum is not a homogenous structure, it is possible that some of the
conflicting evidence is the result of injections into different structures. The contribution
of various septal nuclei to anxiolysis remains under study.

Mammillary body: The mammillary bodies (MB) receive GABAergic
innervation from extrinsic sources (Gonzaloruiz et al. 1993), and contains BZ
receptors. Being part of the limbic Papez circuit, the MB may be involved in the
modulation of emotions such as anxiety. Consistent with this, lesions of the
mammillary body increase open arm exploration in the plus maze paradigm (Beracochea
and Krazem 1991; Laurie et al. 1990), as well as increase conflict responding
(Yamashita et al. 1989a).

Three different BZ's, diazepam, chlordiazepoxide, and midazolam, increase
punished responding without changing unpunished responding (Kataoka et al. 1982),

when injected into the MB. Zopiclone also has an anti-conflict effect when injected into
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the MB (Yamashita et al. 1989a). It has been postulated that the MB connects with the
frontal cortex via the anterior thalamus to produce this disinhibition.

Inconsistent with these results, one group has found that neither GABA or
muscimol has anti-conflict effects when injected into the MB (Kataoka et al. 1987).
Also, while mammillary lesions are anxiolytic on the plus maze, they do not block the
anxiolytic effect of diazepam (Laurie et al. 1990).

Thus, there is some evidence that the MB is involved in mediating some aspects
of anxiolysis induced by BZs. Both lesions and micro-injections of BZs have resulted
1n anxiolytic effects. Because the data are inconsistent, however, the role of BZs in the
MB remains uncertain.

Dorsal raphe nucleus (DRN): GABAergic dendritic profiles contact both
GABAergic interneurons and serotonergic projection neurons in the DRN. Thus,
GABAergic stimulation may inhibit or disinhibit serotonergic neurons (Harandi et al.
1987). In vitro experiments show that BZs can facilitate the release of serotonin from
midbrain slices (Thiebot et al. 1982a). Because a number of serotonergic drugs have
anxiolytic effects, it has been hypothesized that benzodiazepines may produce
anxiolysis by modifying the serotonergic system.

Using 5,7-DHT to specifically lesion serotonergic neurons in the DRN, anti-
punishment effects are produced (Thiebot et al. 1982b; Thiebot et al. 1984). DRN
lesions but not median raphe lesions with 5,7-DHT also have an anxiolytic effect using
the social interaction paradigm (File et al. 1979). BZs injected directly into the dorsal
raphe have anti-punishment effects. This effect of BZ micro-injections is abolished by
prior 5,7-DHT lesions. Therefore, BZs can act on serotonergic neurons to produce
anxiolysis.

However, DRN lesions with 5,7-DHT do not block the anti-punishment effects

of systemically administered diazepam. And infusion of flumazenil into the DRN does
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not block systemic diazepam's anxiolytic effects (Thiebot et al. 1984). Therefore,
systemic BZs can also act in other areas of the brain to produce anxiolysis.

An inverse agonist, bCCM, reduces social interaction when injected either
systemically or directly into the DRN. Flumazenil injected into the DRN has no effect,
but blocks the effects of systemic bCCM. Inverse agonists at the BZ receptor typically
attenuate the opening of the chloride channel in reponse to GABA, thus producing
opposite effects than BZs. Thus to the extent that changes in social interaction reflect
changes in anxiety, bCCM is acting in the DRN (Hindley et al. 1985; Jones et al.
1986). These results suggest that inverse agonists at the BZ receptor are acting in the
DRN to increase anxiety, as measured with the social interaction paradigm.

In a different paradigm, mice were placed in a two compartment box (light and
dark). Injection of BZ into the dorsal raphe nucleus reduces the aversive response to
the brightly illuminated area as do injections into the amygdala (Costall et al. 1989).

One set of studies has measured the ability to escape in a shuttle box paradigm
after inescapable shock (IS). Normally, exposure to IS produces deficits in the ability
to subsequently perform in the shuttle box. This effect has been termed "learned
helplessness.” CDP micro-injections into the DRN given immediately prior to IS
training block the subsequent learning deficit. If anxiety is mediating "learned
helplessness” effects, then BZs may be acting in this structure to remove the anxiety of
inescapable shock, and thus remove the "learned helplessness” effect (Maier et al.
1994). Lesions of the DRN also eliminated the escape deficit (Maier et al. 1993a).
However, lesions of the amygdala did not affect the escape deficit. This suggest that a
different type of "anxiety" may be involved in this paradigm.

Flumazenil or CGS8216, BZ receptor antagonists, have been injected into the
DRN. Both compounds block subsequent enhancement of fear conditioning and

interference with shuttle box escape when administered before IS, but have no effect
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when given before shuttle box testing (Maier et al. 1995). Because these compounds
are antagonists, this suggests that endogenous inverse agonists may be released in the
DRN during IS training, resulting in the subsequent performance deficits.

In summary, the DRN may play a role in mediating several types of anxiolytic
effects. It appears to mediate the anxiogenic effect of inverse agonists in the social
interaction paradigm, and the ability of BZs to protect against "learned helplessness.”
The DRN may also mediate anticonflict effects and BZ-induced attenuation of aversive
responses to bright areas.

Dorsal periaqueductal grev (dPAG): The CEA sends projections to about 50%
of the cells in the PAG. It has been hypothesized that the dPAG and may mediate the
"fear” effects of amygdala stimulation (Da Costa Gomez and Behbehani 1995).
Benzodiazepines have been injected into the dPAG, and the effect measured on the plus
maze. An increase in percent open arm entries is observed, and this anxiolytic effect is
blocked with flumazenil (Russo et al. 1993). However, flumazenil injected into the
dPAG does not block the anxiolytic effects of systemically injected diazepam on the
plus maze (Russo et al. 1993). This is expected since diazepam can act in other places
such as the amygdala to produce anxiolysis. Nevertheless these results suggest that
BZs can also act in the dPAG to reduce anxiety.

Other paradigms suggest a role for the dPAG in mediating anxiolysis. For
example, diazepam micro-injected in the rostral midbrain central grey decreases
thigmotaxis (McCarthy et al. 1995). And measuring escape threshold, BZs micro-
injected in the dPAG attenuate escape responses in the shuttle box during to electrical
stimulation of the dPAG (Audi and Graeff 1984). Further evaluation of the dPAG in
the behavioral effects of BZs remains under study.

Hippocampus: Lesions of the dorsal hippocampus do not affect performance in

a Vogel-type conflict paradigm (Yamashita et al. 1989b). However, injection of
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diazepam into the dorsal hippocampus has anticonflict effects in a similar paradigm
(Kataoka et al. 1991). On the other hand, while zopiclone micro-injected into the MB
has anti-conflict effects, it does not when injected into the dorsal hippocampus
(Yamashita et al. 1989a). These conflicting results indicate that the exact role which
BZs play in this structure needs additional analysis.

Using a learned helplessness paradigm, infusions of diazepam (dissolved in
ethanol) into the hippocampus decreases the number of escape failures produced by
inescapable shock. Control injections into the anterior neocortex or lateral geniculate
body do not produce this effect (Campbell et al. 1980). This suggests that the
hippocampus may be involved in mediating this type of "anxiolysis."

Most work on the hippocampus has involved serotonergic drugs. For example,
buspirone has anxiolytic effects in the plus-maze and the open field thigmotaxis
paradigms when injected directly into the dentate region of the hippocampus
(Kostowski et al. 1989). BZ's may influence behavior in these paradigms by altering
the release of serotonin in this structure. Local infusion of BZs into the hippocampus
can reduce serotonin release in the hippocampus (Nishikawa and Scatton 1986). For
further information regarding the role of serotonin, see section 4.1b.

Inferior colliculus (IC): Micro-injections of midazolam into the IC increase the
latency to avoid areas associated with shock in the shuttle box task (Melo et al. 1992).
It is possible that the IC may play a role in anxiolysis induced by BZs, however this
requires further evaluation.

Hypothalamus: Many of the neuroanatomic areas implicated in anxiety have
strong projections to the ventromedial hypothalamus (VMH). Stimulation of the VMH
results in aversion as measured with a shuttle box. BZ's micro-injected here attenuate

that effect (Milani and Graeff 1986). However, lesions of the VMH do not affect
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conflict performance (Yamashita et al. 1989b). The role of this structure in mediating
this and other anxiolytic effects of BZs has not been fully explored.

Infusion of muscimol into the posterior hypothalamus (PH) has an anticonflict
effect. Picrotoxin micro-injections are anxiogenic. There is no effect after infusion of
these compounds into the lateral hypothalamus (Shekhar et al. 1990). Infusion of
muscimol into the PH also results in decreased avoidance behavior, measured using
shock avoidance task. GABAergic antagonists injected into the PH increase avoidance
behavior. Again, no affect of these treatments is produced by injection into the lateral
hypothalamus (Shekhar et al. 1987). These results suggest that the PH may be capable
of mediating anxiolytic effects.

GABA receptor blockade in the dorsal medial hypothalamus (DMH) has pro-
conflict effects and is anxiogenic in the plus maze. Muscimol is anxiolytic in the plus
maze after DMH injections. These effects are also seen in the social interaction
paradigm (Shekhar 1993; Shekhar and Katner 1995). Therefore, it is possible that this
area may also be involved in mediating BZ-induced anxiolysis. The relative roles of
each of these hypothalamic structures remains unknown. Nevertheless, the initial
findings warrant continued investigation into their role in mediating anxiolysis.

Cortical areas: Lesions of the frontal cortex increase punished responding in a
conflict paradigm (Yamashita et al. 1989b). However, cortical injections of CDP do
not produce thigmotaxis (McNamara and Skelton 1993b), and similar injections of
zopiclone do not produce anti-conflict effects (Yamashita et al. 1989a). Injections of
diazepam into the anterior neocortex also do not produce anti-conflict effects (Campbell
etal. 1980) . The role of the cortex in primates in mediating anxiolysis remains
speculative.

Neuroanatomy of anxiety summary: Since it appears that diazepam can have

anxiolytic effects despite lesioning various areas, one study combined lesions of the
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amygdala, the dorsal raph;z, the locus coeruleus, and the mammillary bodies. Despite
having lesions in all four areas, systemic CDP still had anticonflict effects (Grishkat et
al. 1993). This suggests that numerous areas are capable of mediating the anxiolytic
effects of BZs.

Most evidence, however, suggests that the amygdala is involved in mediating
anxiolytic effects in many different paradigms. The particular nuclei within the
amygdala (CEA or AL/BLA) may be involved in different types of anxiety, as
measured with different paradigms. Numerous other areas also may be involved in
mediating anxiolysis. Lesions of the amygdala often do not block anxiolytic effects,
and injections of BZs into other areas can produce different types of effects. The role
of these various areas in the different anxiety paradigms is still an active area of

investigation.

4.1b Neurochemistry of anxiety

A number of neurotransmitters interact with BZs in affecting anxiety. Many of
these interactions implicate various functional circuits. This may have implications for
delineating the neuroanatomic mechanisms involved in anxiolysis.

Serotonin (5-HT): There are a variety of papers examining the effects of BZ's
on 5-HT release. One study found that the systemic diazepam causes a reduction in (3-
HT) synthesis in the hippocampus but not in the cerebral cortex, striatum, cerebellum,
or spinal cord. Local infusion of diazepam into the hippocampus also results in a
decrease in 5-HT in the hippocampus. Local infusion of diazepam into the NRD,
however, does not affect 5-HT in the hippocampus. One conclusion is that anxiolytic
drugs can act in the hippocampus to inhibit serotonergic activity (Nishikawa and
Scatton 1986), thus influencing anxiety (Andrews and File 1993b). Other studies
support this hypothesis. An increase in extracellular 5-HT is produced in the ventral

hippocampus after exposure to the plus maze. GABA tonically inhibits 5-HT release in
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this region, and systemic as well as BZs administered through the microdialysis probe
further inhibits this release (Pei et al. 1989 and Wright et al. 1992b).

Nevertheless, there is evidence that decreases in 5-HT release may not be
involved in anxiolysis. Similar to the hippocampus, exposure to the plus maze
increases frontal cortex 5-HT release in guinea pigs, and systemically administered
diazepam attenuates this release. However, flumazenil blocks the release of 5-HT into
the frontal cortex despite having no behavioral effects on the plus maze. Thus, there is
not a simple relationship between frontal cortex 5-HT release and behavior on the plus
maze (Rexetal. 1993). In subjects lesioned with 5,7-DHT, there was actually an
increase in sensitivity to the anticonflict effects of diazepam (Soderpalm and Engel
1991). Therefore, although diazepam does block 5-HT release in the hippocampus and
frontal cortex, these effects may not be involved in anxiolysis.

Norepinephrine: Conflict situations reduce norepinephrine activity in the frontal
cortex, CEA, MB, and dorsal hippocampus. Exposure to conflict situations also
increases 5-HT activity in the frontal cortex, the CEA, the BLA, and the medial septum.
Diazepam has been found to block these changes in the frontal cortex, CEA, MB and
dorsal hippocampus. One hypothesis is that BZs affect these monoamine systems, and
this is responsible for anxiolysis (Sakurai-Yamashita et al. 1989). Conversely, FG
7152, an inverse agonist, causes activation of norepinephrine in a number of brain
areas (Ida et al. 1991). This has been hypothesized to mediate its anxiogenic effect.
These hypotheses have not been directly tested.

Benzodiazepines can result in continued lever pressing during extinction, and
this disinhibition may be related to anxiolysis. One study examined lever pressing
during extinction and found that lesioning the dorsal noradrenergic bundle did not
influence BZ effects on nonrewarded lever pressing (Salmon et al. 1989). Therefore,

attenuation of norepinephrine release by BZs is not required for this effect.
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Dopamine: Stress as well as inverse agonists at the BZ receptor increase
dopamine outflow in the medial prefrontal cortex and the shell of the nucleus
accumbens (Bassareo et al. 1996). The increase in dopamine release produced by these
treatments 1s attenuated by BZs (Horger et al. 1995). These alterations have been
hypothesized to play a role in the behavior effects of anxiety. On the other hand, some
studies have found that while diazepam does lower baseline dopamine release in the
nucleus accumbens, it does not alter stress-induced changes in dopamine release
(Imperato et al. 1990). Therefore, while it is possible that alterations of dopamine
outflow may be involved in anxiolysis, the relationship between effects on
dopaminergic systems and anxiety is still undetermined.

Nitrous and nitric oxide (NO): Both CDP and nitrous oxide are anxiolytic in the
mouse staircase test. Flumazenil blocks the anxiolytic effect of both drugs (Quock and
Nguyen 1992). Flumazenil also blocks the anxiolytic effects of nitrous oxide and CDP
in the rat social interaction test (Quock et al. 1993). This indicates that nitrous oxide's
effects may be mediated by endogenous BZs.

Inhibition of the synthesis of NO with L-N-nitro arginine antagonizes the
anxiolytic and locomotor activating effects of CDP (Quock and Nguyen 1992). This is
evidence that the presence of NO is necessary for the anxiolytic and locomotor
activating effect of CDP. Thus, release of NO may mediate these BZ effects. The
interaction between these systems is still under exploration.

Cholecystokinin (CCK): Flumazenil blocks the effects of CCK agonists and
antagonists in the plus maze (Chopin and Briley 1993). This suggest that CCK may
affect anxiety by a release of endogenous benzodiazepines.

Opiates: Naloxone blocks the anxiolytic effects of BZs in both conflict tests and
the plus maze (Agmo et al. 1995). This suggest that the opioid system may be involved

in influencing the anxiolytic effect of BZs. Consistent with this, in humans naltrexone
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can diminish the euphoric and anxiolytic effects while enhancing the sedative effect
(Swift et al 1998). Interestingly, naltrexone pretreated people have a similarity to DS
mice.

Corticotrophin releasing factor (CRF): Flumazenil antagonizes the anxiogenic
effects of CRF in a conflict paradigm. This suggests that the anxiogenic effect of CRF
requires the release of an inverse agonist. A CRF antagonist (ct-helical CRF) does not
block the anxiogenic effect of DMCM, an inverse agonist (Deboer et al. 1992). This
suggests that the anxiogenic effect of inverse agonists is not dependent upon CRF.
There may be an interaction between the CRF and BZ systems in controlling the level
of anxiety.

Melatonin: Melatonin or diazepam were co-injected at small doses, and each
drug alone had no effect on a four-plate crossing paradigm. An increase in punished
crossing was observed when co-injected. This indicates that these two compounds act
synergistically in effecting anxiety (Guardiolalemaitre et al. 1992). Thus, there may be
an interaction with the melatonin system as well.

Endogenous BZ-like molecules: Exposure to new environments or to inhibitory
avoidance training results in both an increase in BZ-like molecules in the septum,
hippocampus, and amygdala and an increase in anxiety. The degree of anxiety on the
plus maze is correlated with the degree of increase in the BZ-like molecules (Dacunha et
al. 1992). This suggest that endogenous ligands at the BZ receptor may act in these
areas to affect anxiety.

Numerous other neurochemical systems may interact with benzodiazepines to
mediate or influence the anxiolytic effect of benzodiazepines. Efforts to delineate these

mechanisms is still in progress.
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4.2 Sedation and Sleep Induction

Though BZs are "sedative/hypnotics,” the meaning 'sedation’ is unclear.
'Sedation’ has been equated with somnolence, drowsiness, calmness, tranquillity, and
lack of anxiety (Wansbrough and White 1993). In the animal literature, it has been
equated with decrements in locomotor activity and other performance measures.
Benzodiazepines are used clinically to induce sleep. However, the exact relationship
between "sedation” and sleep induction is unclear. Because sedation and sleep
induction may represent distinct effects, the neuroanatomy of both will be briefly

reviewed here.

4.2a Models of sedation

In humans, midazolam impairs a subject's ability to discriminate the duration of
tones. Reaction time is also impaired (Polster et al. 1993a; Rammsayer 1992). Both
effects are used to measure sedation. Peak saccade velocity is also used to assess the
sedation, with BZs decreasing the saccade velocity (Richens et al. 1993). The rate of
substituting visual symbols for numerical digits is another measure (Fleishaker et al.
1995).

It is unclear if the different measurements reflect similar phenomena. For
example, diazepam affects (1) subjective rates of drowsiness, (2) a digit cancellation
task, and (3) rate of rehearsal of words. However, diazepam's effects on these tasks in
different people does not correlate (Rich and Brown 1992). This suggests that these
tasks measure different effects. A similar study utilized the digit symbol substitution
task to measure psychomotor speed. A subjective impression of sedation was assessed
with a visual analog scale. These two measures did not correlate (Weingartner et al.
1995). Therefore, there may be different types of "sedation,” many of which BZs are

capable of eliciting.
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In animals, discrimination between two tones can be used to measure
"sedation.” In these paradigms, two different tones indicate which of two levers would
provide food. Discrimination between these two tones is impaired by BZs (Tan et al.
1990). Locomotor activity and performance on various tasks can also be decreased by
BZ administration (Lotrich and Gallaher, personal comm; Burke et al. 1994). These

decrements in locomotor activity have been considered measures of sedation.

4.2b Anatomy

Cortical somatosensory evoked potentials are increased in latency and decreased
in amplitude by diazepam (Todorova 1993), supporting the hypothesis that the slowing
of cortical perceptual processing mediates sedation. However, when diazepam was
injected into humans at doses in which no sedation was reported, diazepam reduced
regional cerebral blood flow (as measured with Xenon 133) in all examined cortical
areas. Therefore, decreased metabolic activity in these areas may not be involved in
subjective sedation (Mathew et al. 1985).

In animal studies, picrotoxin was injected into the ventral pallidum, a projection
site of the nucleus accumbens, increasing locomotor activity. Because picrotoxin
inhibits chloride flux at the GABA/BZ receptor, BZs may act here to produce an
opposite effect (Mogenson et al. 1983). That is, BZs may act in the pallidum to
decrease locomotor activity. Another study has also found that biccuculline or
picrotoxin injected into the ventral pallidum/substantia inﬁorm'nata (VE/SI) increased
locomotor activity. This effect could be blocked by co-injection of muscimol (Austin
and Kalivas 1990). This area projects to the pedunculopontine nucleus and the
mediodorsal thalamus (Churchill et al. 1991; Churchill et al. 1996a; Churchill et al.
1996b) and may be involved in regulating activity.

The nucleus accumbens may also mediate BZ locomotor hypoactivity. Local

perfusion of flurazepam into the nucleus accumbens decreased the amount of dopamine
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release. Because increases in dopamine in this structure are normally associated with
locomotor activation, it is possible that this effect could decrease locomotor behavior
(Zetterstrom and Fillenz 1990).

Another area which could be involved in hypoactivity is the BLA. The BLA
projects to the nucleus accumbens (Burns et al. 1993), and stimulation of this nucleus
produces locomotor activation. Biccuculline, which decreases chloride flux through the
GABA/BZ receptor, also increased locomotor activity when injected into the BLA
(Sanders and Shekhar 1991). Because BZs may produce the opposite effect, they may
decrease locomotor activity when injected here.

In summary, a number of areas may be involved in sedation/hypoactivity.
Because BZs interfere with a wide range of psychomotor skills, the cortex has been
hypothesized to mediate these effects. However, there is limited evidence to support
this. Also, a number of nuclei within the limbic/motor areas may mediate different
aspects of locomotor hypoactivity. The involvement of different neuroanatomic circuits

in "sedation” is fairly unexplored and needs to be further tested.

4.2¢ Sleep

BZs also have numerous effects on sleep. For example, transient
electroencephalogram arousals occur during sleep, occasionally resulting in brief
waking episodes. BZs elevate this arousal threshold during sleep (Roehrs et al. 1993).
BZs also decrease the latency to sleep onset (Stutzmann et al. 1992). Short wave sleep
is increased by BZs at the expense of both REM (rapid eye movement) and delta sleep
(Stutzmann et al. 1992).

However, some drugs which act at the BZ receptor have different effects on the
sleep architecture. For example, zopiclone increases SWS without depressing REM

sleep (Stutzmann et al. 1992), even increasing delta sleep (Stutzmann et al. 1993).
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These pharmacologic differences suggest that the effects of BZs on the various stages
of sleep may be mediated by different systems. Sleep induction may be a reflect a

number of separate physiological phenomena.

4.2d Anatomy

The lateral dorsal pedunculopontine tegmental nucleus contains cholinergic
neurons which project to the thalamus and the entire brainstem reticular formation.
These neurons fire during waking states and paradoxical (REM) sleep, and because
these neurons are innervated by many GABAergic interneurons, they may the locus of
action for the sleep-inducing effects of BZs (Jones 1993).

There are also a number of GAD-positive neurons throughout the reticular
activating system (RAS) intermingled with monoaminergic and glutaminergic projection
neurons. Inhibition of firing by BZs in this area could effect sedation (Ford et al.
1995). Stimulation of the RAS increases rhythmical slow activity in the hippocampus.
This type of hippocampal activity is associated with states of arousal. BZs inhibit this
activation (Coop et al. 1991). Therefore, BZs may act in the RAS to result in either
sedation or sleep-induction.

Sleep promotion has been hypothesized to be in or close to the medial
preoptic/anterior hypothalamus (Szymusiak 1995). BZs may selectively inhibit the
neurons which normally produce arousal in this area. The anterior hypothalamus has
also been directly implicated in sleep-induction. Triazolam irjected into the medial
preoptic area enhances sleep time, but not with control injections into the nearby lateral
preoptic area or the diagonal band of Broca (Mendelson and Martin 1992).

Electrophysiologic monitoring of the nucleus basalis magnocellularis (NBM)
indicates that some neurons here fire immediately prior to the transition from waking to

sleep. These may be involved in triggering sleep. Electrical simulation here evokes
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sleep, and lesions cause insomnia. Other neurons in the NBM may promote arousal.
The role or BZs in sleep here remains hypothetical.

Blockade of GABA receptor in the posterior hypothalamus has been observed
to result in locomotor activation (Shekhar et al. 1990). GABA injected here was found
to decrease wakefulness (Ericson et al. 1991). Histaminergic neurons arise in the
posterior hypothalamus from the tuberomammillary nucleus, and the firing rate of these
neurons is increased during arousal states. Systemic diazepam decreases the release of
histamine in freely moving rats measured with microdialysis (Chikai et al. 1993). This
anti-histaminergic property may be responsible for some of the sedative or hypnotic
effects of BZs. |

In summary, a number of neural systems may be involved in sleep and
sedation. Sleep and sedation may not be unitary phenomena. BZs have effects in
many of the neuroanatomic areas involved in these systems. Further experimentation is

required to delineate the systems that specifically mediate the various effects.

4.3 Ataxia and coordination

Because the cerebellum is involved in coordination of movement, this structure
has been hypothesized to mediate the ataxic effects of BZs. Supporting this
hypothesis, injections of the GABA agonist piperidine in the fastigial cerebellar nucleus
results in ataxia (Miller et al. 1993). Also, an injection of the BZ inverse agonist,
Ro15-4513, into the cerebellum protects against ataxia induced by the ethanol (Dar
1995). Consistent with this, a line of rats which have a point mutation in the a6
subunit has increased sensitivity to the ataxic effects of BZs. The a6 subunit is almost
exclusively expressed in cerebellar granule cells, and the mutation results in enhanced
in vitro sensitivity of the BZ receptor to BZs (Korpi et al. 1993; Korpi and Seeburg
1993).
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Other neuroanatomic areas involved in coordination may also be involved. For
example, the medial vestibular nucleus has binding sites and is sensitive to GABA. It
may mediate some ataxic effects (Hutchinson et al. 1995). The inferior olive, which
projects climbing fibers to the purkinje cells of the cerebellum, has BZ receptors
(Frostholm et al. 1992). This nucleus may also be involved in mediating ataxic effects.

Areas of the forebrain may also be implicated in motor coordination. The ability
of rats to walk across a beam was impaired following infusion of GABA into the
nucleus basalis magnocellularis or the frontal cortex (Majchrzak et al. 1992). These
areas may also be involved in the attention and sedative effects of BZs. Therefore,
behavioral tasks which measure ataxia may also be measuring some other aspects of
"sedation."

There are also a number of different types of GABAergic interneurons and
projections neurons in the striatum (Kawaguchi et al. 1995). The inverse agonist
Ro015-4513 has been micro-injected into the striatum, attenuating the ataxic effects of
systemically administered ethanol (Meng and Dar 1994). Therefore, it is possible that

the striatum is involved in mediating sedation or ataxia.

4.4 Locomotor activation

At lower doses, systemically administered BZs result in locomotor activation
rather than sedation. Various BZs micro-injected into the nucleus raphe, result in
increased locomotor activity (Sainati and Lorens 1982a). This effect depended upon
intact ascending serotonin projections (Sainati and Lorens 1982b). This suggests that
serotonergic neurons in the nucleus raphe may mediate the locomotor activating effect
of BZs. Diazepam injected into the dorsal raphe nucleus also increases wakefulness
(Mendelson 1990), and muscimol, when injected into the median raphe, produces
hyperactivity (Wirtshafter et al. 1988). This supports the role of this structure in

mediating arousal and locomotor activation by BZs. Systemic injection of high doses
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of haloperidol do not attenuate this hyperactivity. Therefore, this effect may not be
mediated by dopamine systems.

These results suggest that changes in the serotonergic system may be
responsible for locomotor activation. Supporting this, injections of muscimol into the
nucleus raphe produce a hippocampal theta rhythm. Because the theta rhythm has been
associated with arousal, this is consistent with involvement of the DRN in locomotor
activation (Kinney et al. 1995). However, in microdialysis studies, the degree of 5-
HT release does not correlate with total entries on the plus maze (Wright et al. 1992a).
Therefore, other systems may also be involved.

For example, injection of muscimol into the preoptic area of the rat increases
locomotor activity. This effect is blocked by systemic haloperidol. This area, a
putative sleep center, may also be involved in both sedation and arousal (Osborne et al.
1993). The mediodorsal nucleus of the thalamus is innervated by GABAergic neurons
arising from a number of areas including the ventral pallidum (Churchill et al. 1996b).
Muscimol injected into this thalamic area results in increased locomotor activity
(Churchill et al. 1996a). It is feasible that this and other thalamic areas may mediate the
locomotor activating effects of BZs.

Numerous other areas can be postulated to mediate BZ-induced locomotor
activation. A basal forebrain lesion produces increased locomotor hyperactivity, and
this is reversed with a BZ antagonist, ZK 93426 (Sarter and Steckler 1989). Injection
of muscimol into the medial septum also increascs locomotor activity (Osborne et al.
1993). These studies implicate both areas as possible mediators of locomotor
activation.

Lidocaine in the dentate gyrus also increases locomotor activity (Flicker and

Geyer 1982a). This temporary functional lesion may simulate the effect of
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hyperpolarization produced by BZs. It is possible, therefore, that BZs can act in the
hippocampus to increase locomotor activity.

- The ventral tegmental area (VTA) has also been hypothesized to mediate
locomotor activation. Low doses of muscimol injected into the VTA increased
locomotor behavior (Willick and Kokkinidis 1995). Furthermore, in the VTA there is
a slight excitation of dopamine neurons by BZs, through inhibition of inhibitory
interneurons (O'Brien and White 1987). Because dopamine release by these neurons is

implicated in locomotor activation, this area may mediate this effect of BZs.

4.5 Seizure protection

There are a number of animal models of seizures and epilepsy (reviewed by
(Fisher 1989)). Topical convulsants, injury, or electrical stimulation of an area have
been used. For generalized tonic-clonic seizures, genetically prone strains of mice,
rats, gerbils, fruitflies, and baboons, are available. Maximal electrical shock (MES),
systemic chemical convulsants, and metabolic derangements also produce seizures.
Seizures can also be elicited by some types of sensory stimulation. For example
photosensitive baboons react with seizures to light and some strains of mice react to
tail-spins.

The anatomical circuits involved in these many types of seizures are likely to be
different. In a review of the anatomy of seizures, it is suggested that the prepiriform,
piriform, and entorhinal cortices play a predominant role in limbic motor seizures in
conjunction with the hippocampus, amygdala, substantia innominata, and mediodorsal
thalamus (Gale 1992a). For example, metabolic activity mapping of seizures triggered
by electrode stimulation in the amygdala demonstrated that the basolateral amygdala
was first to be activated, followed by the hippocampus and other limbic areas. Some
thalamic areas also were involved (Handforth and Ackermann 1995). On the other

hand, seizures involving running-and-bouncing or tonic hindlimb extension are
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proposed to depend on inferior colliculus activity. And tonic hindlimb extension (THE)
appears to depend upbn the nucleus reticularis pontis oralis (Gale 1992b).

Infusions of bicuculline into the tectum has anticonvulsant actions against
maximal electric shock convulsions. However injection of bicuculline into this area is
proconvulsant for other types of seizures (Weng and Rosenberg 1992). This is further
evidence that particular brain areas may be differentially involved in different types of
seizures.

One important pathway implicated in PTZ-induced seizures is the projection
from the mammillary bodies (MB) to the anterior thalamus (AT). Muscimol injections
in the AT have protected against repetitive high-voltage seizure discharges produced by
systemic PTZ. Injections into other thalamic nuclei, the striatum, MB, or cortex have
no effect (Mirski and Ferrendielli 1986). Lesions of the tract from the MB to the AT
also protect against tonic seizures produced by systemic PTZ (Mirski and Ferrendelli
1984; Mirski and Ferrendelli 1987). It is hypothesized that the mm@llo&damic
tracts are the major route of activity from the brainstem to the thalamus, and activity in
the thalamus is the gateway to generalized seizure activity (Mirski and Ferrendelli
1987).

Another important area is the substantia nigra (SN). The SN has excitatory
projections to the superior colliculus which can influence the limbic system, the
thalamo-cortical system, and brainstem circuits. Inhibition at the SN influences many
different types of seizures (Gale 1992a).

The substantia nigra reticulata (SNR) has been directly examined as an
important locus where GABAergic agents provide anti-convulsant activity. Electrical
stimulation of the amygdala, olfactory structures, and lateral entorhinal cortex produces
seizures while injection of muscimol into the SNR raises the seizure threshold for all

these seizures.(McNamara et al. 1984). In photosensitive baboons, GABA is partially
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anticonvulsant when injected into the SNR (Silva-Barrat et al. 1988), and muscimol
injections into the SNR have protect against both MES-induced THE and PTZ-induced
tonic-clonic seizures (Iadarola and Gale 1982).

Clonazepam micro-injections into the SNR also protect against generalized
seizures elicited by amygdala stimulation (King et al. 1987). In addition, midazolam
and flurazepam block PTZ-induced seizures when injected into the SNR (Zhang et al.
1989). Micro-injection of BZs into the SNR also protects against bicuculline-induced
and MES seizures (Zhang et al. 1991). Conversely, injection of the inverse agonist
DBI into the SNR enhanced kindled seizures and partially reversed the protective
effects of diazepam (Shandra et al. 1990; Shandra et al. 1991).

This set of studies strongly suggests that the SNR is a crucial locus for
mediating the seizure-protective effects of BZs. In support of this, the SNR has
glutamate decarboxylase-containing terminals which contact both dopamine and other
GABAergic neurons (Mendez et al. 1993; Santiago and Westerink 1992). Diazepam
inhibits firing of cells in the SNR by 50% (Mereu et al. 1983). Furthermore, tolerance
to diazepam is seen in the cells of the SNR after 2 days of flurazepam treatment, and
this may be the cause of tolerance to the seizure-protective effects (Rosenberg et al.
1990).

Another area which may be involved in mediatin g the protective effects of
seizures is the inferior colliculus (IC). In the genetically epilepsy-prone rat, seizures
can be induced acoustically. In these seizure prone rats, neurons in the IC are
electrophysiologically less sensitive to flurazepam. The IC has projections to the
reticular formation, and these may mediate the spread of convulsive activity to other
areas of the brain (Faingold 1980; Faingold et al. 1986). Bilateral injection of

muscimol and CDP into the IC suppresses all sound-induced seizures (wild running,
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clonus, and tonus) in ethanol-withdrawn rats. There was little or no effect when CDP
was injected into the medial septum (Frye et al. 1983).

The cerebellum may be another locus in which BZs exert anti-convulsant
effects. GABA agonists injected into the fastigial nucleus of the cerebellum result in
protection against bicuculline-induced myoclonic, clonic, and tonic seizures. Slightly
dorsal, anterior, or dentate injections do not have this protective effect (Miller et al.
1993).

The hippocampus is another structure hypothesized to mediate the seizure
protective effects of BZs. Polysynaptic responses appear in the dentate gyrus after PTZ
infusion, consistent with a role in seizure activity (Stringer 1995). There are several
cells in the dentate gyrus, each containing glutamic acid decarboxylase, which project to
the dendrites and somata of granule cells (Ribak 1992). The inhibition produced by
these cells may mediate protection against seizures. Consistent with this, the strength
of inhibition of CA1 hippocampal cells is decreased by chronic BZ treatment. The
time-course for this corresponds to the time-course for tolerance to anti-seizure effects
(Zeng et al. 1994). Also consistent with a role for the hippocampus, diazepam is less
effective in protecting against seizures in hippocampally lesioned animals (Czuczwar et
al. 1982).

A number of other areas are implicated in studies using y-vinyl-y-aminobutyric
acid (GVQ), an irreversible inhibiter of GABA transaminase. For example,
pentylenetetrazol (PTZ) tonic clonic seizures are prevented by GVG injections into the
anterior thalamus, the caudal hypothalamus, the superior colliculus, cerebellar nuclei,
medial medullary, pontine and mesencephalic tegmentun including the vestibular
nuclei, the reticular formation, and portions of the central gray. Vestibular, cerebellar,

and reticular injections of GVG also prevented MES seizures (Miller et al. 1987).
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4.6 Amnesia

BZs are reported to affect explicit but not implicit memory (Ghoneim and
Mewaldt 1990; Polster et al. 1993b). Implicit memory tasks include recognizing
degraded pictures and words, while an example of explicit memory is the ability to
remember a list of words (Fleishaker et al. 1995). Spatial memory is also impaired by
BZs. For example, diazepam specifically affects spatially learning in a Morris water
maze, but does not affect cue learning in this task (Brioni and Arolfo 1992). This
indicates that BZs may affect some types of memories more than others.

The effect of BZs on memory does not seem to be the result of sedation (Curran
1991; Curran and Birch 1991). For example, there is a difference in the dose response
curves for performance on explicit memory tests and subjective rankings of sedation
following triazolam injection (Weingartner et al. 1995). This has led to the suggestion
that the amnesic effects are mediated by a different mechanism (Hommer et al. 1993).
In animals, after 14 days of CDP treatment, there is tolerance to ataxia, locomotor
sedation, and acquisition of inhibitory avoidance. However there is no tolerance to the
effects on acquisition of performance on a radial arm maze (Shumsky and Lucki 1994).
This again suggests that effect on acquisition of memory involves a system different
from sedation. |

The anatomic locus in which BZs affect spatial memory has been tested by
injecting chlordiazepoxide into the amygdala, medial septum, hippocampus,
cerebellum, frontal cortex, and the nucleus basalis magnocellulari/substantia
innominata. Only infusions into the medial septum prevented spatial learning in the
Morris water maze. Cue learning and swim speed were not affected (McNamara and
Skelton 1993b). This strongly implicates the medial septum as the locus which

mediates this effect of BZs. It was hypothesized that CDP impairs spatial learning by
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inhibiting septo-hippocampal GABAergic projecﬁon neurons (McNamara and Skelton
1993c). GABAergic interneurons may also be involved (Wood 1986).

CDP infused into the medial septum produce a working memory deficit in
another spatial memory task, the radial arm maze. Injections into the lateral septum, the
anterior cingulate, and the NBM are not effective (Stackman and Walsh 1992;
Stackman and Walsh 1995). In addition, medial septal lesions affect spatial memory in
a Y-maze. However, the lesions do not affect the ability to choose a goal box which
was visually cued by an object (Kelsey and Vargas 1993). These studies suggest that
the spatial memory deficit produced by intra-septal BZs may generalize to a number of
spatial memory tasks.

One mechanism proposed for the effeét of BZs in the medial septum is
decreased acetylcholine (Ach) release in the hippocampus. Diazepam micro-injections
into the medial septum decrease Ach in the hippocampus by 50%. Interestingly,
micro-injections of flumazenil increase Ach release by 95% (Imperato et al. 1994).

The effect of systemic CDP has been evaluated in a group of animals with
medial septal lesions. Although the lesions impaired performance in the Morris water
maze, CDP attenuated this impairment (Farber 1993). This later finding suggests that
BZs may be acting in other areas to enhance memory. However, intraseptal infusions
of flumazenil failed to attenuate the spatial learning deficit produced by systemically
administered CDP (Wood 1996). Thus, it is possible that BZs are also acting in other
areas to diminish spatial memory.

Another memory task is inhibitory avoidance in which subjects are exposed to a
location previously paired with an aversive shock stimulus. Avoidance of this location
is a test of memory. Lesions of the amygdala block the amnestic effects of diazepam in
this inhibitory avoidance task (Tomaz et al. 1991). More specific lesions of basolateral

amygdala also block the effects of diazepam on retention in this paradigm (Tomaz et al.
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1992). This suggests that the basolateral amygdala mediates this effect of BZs. In
support of this conclusion, amnesia results from diazepam injections into the AL/BLA
but into the CEA (Tomaz et al. 1993). This finding has been replicated several times
(de Souza Silva et al. 1993; de Souza Silva and Tomaz 1995; Dickinson-Anson and
McGaugh 1993).

Using a multiple trial inhibitory avoidance task, bicuculline injections in the
amygdala block BZ-induced amnesia. This again supports the proposal that amnesic
effects of BZs may be mediated by GABAergic systems in the amygdala (Dickinson-
anson et al. 1993). Bicuculline injections into the medial septum did not block the
amnestic effect a systemic BZs on this task. This suggest that inhibitory avoidance is
different from the spatial memory amnestic effect (Dickinson-Anson and McGaugh
1994).

There is also some evidence that the right amygdala may play a larger role in the
amnestic effect of BZs than the left amygdala. When lidocaine is injected into the right
or left amygdala immediately prior to inhibitory avoidance training, memory of the
aversive task is more affected by the right-sided injection (Coleman and McGaugh
1993; Coleman-Mesches and McGaugh 1995).

In another learning paradigm, the DRN is implicated in possible amnestic
effects. CDP injected into the dorsal raphe nucleus blocks the learning deficits induced
by inescapable shock. This effect on "learned helplessness” may therefore be mediated
by the DRN (Grahn et al. 1993).

Although McNamara and Skelton (1993b) did not find that CDP injections into
the nucleus basalis (NB) affected spatial memory, another group has found that
working memory in a double Y maze is affected by NB lesions. This suggests that the

NB may be involved in mediating some amnestic effects of BZs (Mallet et al. 1995).
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Consistent with this, the inverse BZ agonist b-CCM enhanced recognition performance
in a two trial recognition task, when injected into the NB (Mayo et al. 1992),

The hippocampus is potentially an area in which BZs may influence memory.
Rats were tested in a maze in which there were four choice points, with three gates at
each choice point. CDP injected into the hippocampus increased the number of errors
needed to complete the task (Ohno et al. 1992). Therefore, this structure may also be
involved in mediating amnesic effects in this type of paradigm.

Flumazenil has also been found to enhance retention in an avoidance task after
injection into the hippocampus. This suggests that the hippocampus may be involved
in avoidance learning. Flumazenil injected into the amygdala and septum also enhanced
retention of the avoidance task. It is proposed that memory is influenced by the release

of some endogenous BZ in all three areas (Cunha et al. 1990).

4.7 Attention

When human subjects are required to respond to signals cued with valid or
invalid cues, triazolam decreases the ability to disengage attention and respond correctly
(Johnson et al. 1995). This impairment of attentional mechanisms by BZs has been
studied in a number of animal models. For example, in one paradigm, animals are
required to detect a brief 50 ms light, signalling the availability of food. Diazepam
decreases performance in this task (Dudchenko et al. 1992). This has been interpreted
as an interruption in attention. In detecting visual stimuli of 25-500 ms in length, CDP
attenuates the number of correct responses to these cues, and nucleus basalis (NB)
lesions reduce CDP's potency in this effect (Dudchenko et al. 1993). In a similar task,
CDP injections directly into the NB impair performance. Also, micro-injection of an
inverse agonist, b-CCM, facilitate performance (Travers et al. 1993). These results

suggest that decrements in attention can be mediated by the NB.
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Discrimination paradigms to measure attention have been utilized in other
studies. For example, when different behaviors are required in response to a slowly or
a quickly pulsing light, muscimol injections into the NB impair performance (Muir et
al. 1992). In a similar study, subjects required to discriminate between a flickering
and a constant light have impaired performance following muscimol injections into
either the NBM or the substantia innominata. Interestingly, CDP micro-injections here
have no effect (Dudchenko and Sarter 1992). These results suggest that the
GABAergic inhibition of activity in the NB can interfere with the ability to perform in
discrimination paradigms. However, BZs may not be effective. Therefore, although
enhanced GABAergic activity in the NB can affect discrimination performance, the
effect of systemic BZs on this paradigm may not be mediated by this locus.

Infusions of CDP or b-CCM into the basal forebrain was tested on a similar
task of behavioral vigilance. Animals were trained to discriminate between visual
signals of various lengths and non-signal events. CDP injections into the NB decrease
the number of correct responses to visual signals, without affecting the relative number
of correct rejections; Conversely, b-CCM decrease the number of correct rejections,
without affecting the number of correct acceptances (Holley et al. 1995). This is
evidence that BZs in the NB impair performance on some tasks which require attention.

It has been proposed that decreased cholinergic output is the mechanism for
these attention deficits. Supporting this, direct injection of muscimol into the NB
decreases Ach in the cortex (Casamenti et al. 1986). Electrophysiologically monitering
single cells, GABA injected into the NB decreases the likelihood of conditioned
stimulus elicited changes in frontal cortex firing rates (Rigdon and Pirch 1984), an
effect potentially mediated by Ach. However, there is also evidence that the attentional
effects are not mediated by changes in Ach release. Imidazenil, abecarnil, diazepam,

and midazolam all inhibit basal hippocampal Ach release. However, these different
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compounds have different effects on cognition and attention (Dazzi et al. 1995).

Therefore, alterations in Ach release may not be responsible for effects on attention.

4.8 Other effects

Muscle relaxation: Benzodiazepine receptors exists in the spinal cord and
may mediate the muscle relaxant properties of BZs (Bohlhalter et al. 1996). However,
there is no direct evidence that receptors here mediate this effect. Other areas of the
brain involved in muscle tone and movement may be directly affected by BZs to
produce muscle relaxation. For example, opioid manipulations of the striatum affected
muscular rigidity in the gastrocnemius-soleus (Melzacka et al. 1985). It is possible that
BZs may similarly act in the striatum and other areas of the basal ganglia to affect
muscle tension.

Aggression: Depending upon the type of aggression which is measured,
BZs can either decrease or increase aggression (Bond et al. 1995). Lesions of the
VMH and lateral septum can increase aggressiveness (Brayley and Albert 1977,
Brady and Nauta 1953). Interestingly, stimulation of the lateral septum can attenuate
the increase in aggressiveness caused by VMH lesions (Brayley and Albert 1977). Itis
possible that BZs could act in either of these areas to affect aggression. However,
although BZ receptors exist in these areas, the role of these structures in mediating
BZ's effects on aggression is not known.

One study has examined the effect of a micro-injection of an inverse agonist,
DBI, on the aggressive effects of diazepam. It was found that injections into the
substantia nigra interfered with seizure protection but did not affect diazepam'’s
attenuation of aggression (Shandra et al. 1990).

Hypothermia: BZs decrease temperature in mice. Drugs effects were
antagonized by flumazenil (Taylor et al. 1985). However the locus of action is not

known. Temperature regulation centers of the hypothalamus may be involved.
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Heart rate: BZs can in&case heart rate, possibly by decreasing the vagal tone
(DiMicco 1987). Pre-ganglionic neurons in the vagal motor nuclei are inhibited by
GABA. The hypothalamus may also be involved in mediating other effects of BZs on
heart rate (Soltis and DiMicco 1991). Changes in heart rate may also be secondary to
anxiolysis.

Corticosterone effects: Restraint stress results in increased CRF mRNA in
the paraventricular nucleus of the hypothalamus. This is blocked by CDP (Imaki et al.
1995). Diazepam also inhibits the other aspects of the hypothalamic-pituitary axis,
causing decreases in adrenocorticotropin hormone and corticosterone levels (Pivac and
Pericic 1993). These effects may be the result of decreases in anxiety or direct effects
on the hypothalamus and/or pituitary.

Feeding effects: BZs can induce eating (Sanger 1984). Diazepam also
enhances feeding behavior induced by electrical stimulation of the lateral hypothalamus
(Bielajew and Bushnik 1994). Because GABA in the medial hypothalamus and
amygdala can stimulate feeding (Minano et al. 1992), it is possible that these areas
mediate this effect of BZs. However, this has not been directly investigated.

Circadian rhythm effects: BZs induce phase advances in circadian
rhythms as measured by wheel running activity, and there is electrophysiological
evidence for a role of BZs in the suprachiasmatic nucleus (SCN). CDP or flurazepam
can decrease cell firing of SCN cells in vitro (Mason et al. 1991). Also, because the
ability of BZs to produce phase advances is blocked by geniculo-hypothalamic tract
lesions, it is possible that BZs may act in places other than the SCN (Biello et al.
1991). Additionally, it is possible that the phase advances are the result of other effects
of BZs such as sedation (Biello et al. 1991).

Reward: BZs can produce conditioned place preference (CPP) (File 1986).

Diazepam's ability to produce CPP can be blocked by ritanserin, a 5-HT? antagonist.
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However, ritanserin does not block open arm exploration of rats on the elevated plus
maze. This indicates that the anxiolytic effect is not causing the rewarding effect
(Nomikos and Spyraki 1988). Opioid systems may be involved, as CPP induced by
diazepam is blocked by naloxone (Spyraki et al. 1985).

Both haloperidol and nucleus accumbens lesions block diazepam-induced CPP
(Spyraki and Fibiger 1988). Also muscimol injected into the ventral tegmental area is
capable of enhancing intra-cranial self-stimulation (Willick and Kokkinidis 1995).
Therefore it is possible that the rewarding effect of BZs is mediated by the mesolimbic
dopamine system (Koob 1992). However, systemic BZs have only been observed to
decrease dopamine release in the nucleus accumbens (Finlay et al. 1992). Thus, the
role of the mesolimbic dopamine system in mediating rewarding effects of BZ remains

unresolved.

4.9 Summary of Anatomy

BZs are capable of producing a number of behavioral and physiological
changes: anxiolysis, sedation, sleep-induction, ataxia, locomotor activation, seizure
protection, amnesia, attention deficits, muscle relaxation, aggression, hypothermia,
corticosterone release, hyperphagia, circadian phase shifts, and possible reward effects.
Various neuroanatomic systems may mediate these different effects. Although there is
some suggestive evidence for the involvement of numerous neuroanatomic areas in
mediating each of these effects, further studies are clearly necessary to determine those
areas which do, in fact, mediate each effect. That is, a major task for understanding the
physiology of BZs will be to empirically clarify the neuroanatomy and neurochemistry

involved in each individual effect.
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5.0

Specific Rationale and Hypotheses

Mouse lines have been developed by selective breeding which exhibit
behavioral differences following acute BZ administration. In particular, DR
mice exhibit a dose-dependent anxiolytic response on the plus maze following
systemic diazepam, whereas DS mice do not. This is paradoxically distint from
the originally targeted behavioral difference--DS mice being selectively bred to
be more sensitive than DR mice to the ataxic effect of BZs.
Detailed study of the mechanisms underlying these behavioral differences
requires a knowledge of the anatomic structures which mediate each of the
specific behaviors being examined. This will permit a more focused
examination of specific neural areas.
A review of the literature suggests that the amygdala is involved in mediating
several types of anxiolytic effects. Therefore, an analysis of the amygdala's
role in mediating anxiolysis is an appropriate starting point.
Positive identification of the amygdala as a locus which contributes to observed
differences in anxiolytic sensitivity in DS and DR mice provides a critical
foundation for further examination of neurophysiolygic mechanisms in this
region of the brain.
Hypothesis 1: The amygdala mediates BZ-induced anxiolysis, as
well as genetic differences in sensitivity to anxiolysis.
. Prediction 1a: Injection of CDP into the amygdala
will result in an anxiolytic effect as measured with the plus
maze.
. Prediction 1b: CDP injected into the amygdala will

produce anxiolysis in the DR mice and not the DS mice.



This hypothesis will be tested by direct injection of CDP into the amygdala.
Following injection, the mice will be tested on the plus maze. This experiment
will determine (1) if anxiolytic effects can be measured on the plus maze in mice
after intra-amygdala injection procedures, (2) if CDP produces an anxiolytic
response following injection into the amygdala, and (3) whether the DS and DR
mice differ in sensitivity to any anxiolytic effects of intra-amygdala CDP.
Evidence from prior experiments indicates that BZ micro-injections will be
anxiolytic. It is expected that this effect will be seen in DR and not DS mice.
Hypothesis 2: The amygdala does not mediate locomotor
activation, muscle relaxation, ataxia, locomotor hypoactivity, or
seizure protection.

. Prediction 2: Injection of CDP into the amygdala is
specific for anxiolysis. That is, the micro-injections will
not affect muscle relaxation, ataxia, locomotor sedation, or
activation. The injections also will not protect against
PTZ-induced seizures.

Many behavioral methods relevant to benzodiazepines are currently available in

this laboratory. Therefore, several other behaviors will be sequentially

evaluated: locomotor activity on the plus maze, muscle relaxation, ataxia, and
protection against PTZ-induced seizures.

If the intra-amygdala micro-injections specifically produce anxiolysis and not

the other effects, this will indicate that this structure is involved specifically in

anxiolysis. Therefore, other neuroanatomic areas must mediate the other
effects.

If the amygdala specifically mediates differences in anxiolytic effects, then any

physiological differences of the amygdala revealed in future experiments using
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DS and DR mice will be implicated in the anxiolytic differences, and not

differences in locomotor activation, ataxia, or seizure protection.

Hypothesis 3a: Injections into the ventrolateral caudate will not

diffuse into neighboring regions to affect anxiety.

Hypothesis 3b: The ventrolateral caudate does not mediate

anxiolysis

. Prediction 3: Injection of CDP into the ventrolateral
caudate will not result in an anxiolytic effect as measured
with the plus maze.

Microinjections should provide adequate spatial resolution to localize the effect

to the amygdala. It is expected that the injection of BZs into the amygdala is not

resulting in diffusion into nearby structures to produce anxiolysis. This

anatomical specificity will be tested by direct injection into a nearby structure,

the ventrolateral caudate.

Itis expected that CDP will remain localized to the injection site for at least as

long as behavioral testing occurs in these experiments. Thus, it is unlikely that

micro-injections into the amygdala are diffusing into nearby structures.

Similarly, if injections remain localized, then diffusion into the amygdala from

the caudate should not occur.

There is no evidence that the ventrolateral caudate participates in anxiety or

anxiolysis. Therefore, it is expected that the injection of BZs into this locus will

not result in anxiolysis.

Hypothesis 4: The caudate is capable of mediating muscle

relaxation, ataxia, locomotor activation, protection against PTZ

induced seizures, and/or locomotor sedation.
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. Prediction 4: Injection of CDP, a benzodiazepine, into the
ventrolateral caudate will produce muscle relaxation, ataxia,
locomotor activation, protection against PTZ induced
seizures, and/or locomotor sedation.

The role of the caudate in possibly mediating a number of other effects which

are produced by BZs is unknown. It is unlikely that the amygdala mediates

ataxia or muscle relaxation, however there is some evidence for a potential role
for the caudate in muscle tone and overall behavioral activity. These effects will
be evaluated following direct injection of CDP into the caudate.

The DS mice are particularly sensitive to ataxia, and locomotor hypoactivity. If

the caudate mediates either of these effects of systemic BZs, then micro-

injection into this structure will result in DS mice being affected. Because the

DS mice are sensitive to these effects and the DR mice are relatively resistant,

the performance of the DS mice should be more influenced than the DR mice.
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METHODS

1.0 Animals

Diazepam sensitive (DS) mice and diazepam resistant (DR) mice have been
selectively bred for performance on a fixed-speed rotarod after injection with diazepam
(Gallaher et al. 1987). Selective breeding occurred for 36 generations, followed by
random mating within lines. Naive male mice from generations 40 to 43 were used in
these studies (ages 80-190 days).

Mice were maintained on a 12/12 light/dark cycle. Food and water were
provided ad libium. Prior to surgery, mice were housed in shoe box sized cages.

Following stereotaxic surgery, mice were housed in larger 12"x12"x12" rat cages.

2.0 Chemicals and drugs

Glutaraldehdye was obtained from Electron Microscopy Services (Fort
Washington, PA), pentylenetetrazol from Aldrich (Milwaukee, WI), and Durelon
carboxylate cement from ESPE (Norristown, PA). Chlordiazepoxide and all other
chemicals were from Sigma (St. Louis, MO).

3.0 Surgical procedure

Overview Anesthetized mice were positioned into a Kopt (Model 900;
Tujunga, CA) stereotaxic apparatus. The surface of the skull was cleaned of periosteal
tissue, and a 1/8th inch screw was secured to a caudal area of the parietal bone. To
establish the coordinates for placement of the holes and guide cannula, bregma was
used as a landmark. Holes (0.03 inch diaméter) were drilled bilaterally through the

skull without entering brain tissue, and the guide cannulae were lowered through the
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holes to their correct vertical placement. To ensure secure fixation of the guide cannula,
dental cement was applied to skull and guide cannula. After the cement had hardened,
the mice were removed from the apparatus and recovered in a heated cage.

. Guide cannula placement into the electrode holders of the stereotaxic apparatus:
Prior to the placement of a mouse into the stereotaxic apparatus, two guide cannulae
were tightly secured to the electrode holders of the stereotaxic apparatus using the
electrode clamps. The cannulae were positioned in the clamps so that enough room
would be available for cementing.

Also, the stylets were inserted into the guide cannula prior to surgery. These
were lowered until the stylet tips were flush with the bottom of the cannula. This
permitted no blood or cement to enter into the lumens of the cannulae during surgery.
After surgery, the stylets were lowered completely to project 0.5 to 1.0 mm beyond the
end of the guide cannulae.
. Proper alignment of the stereotaxic apparatus: Prior to surgery, it was
important that the arms of the stereotaxic apparatus were exactly perpendicular to the
frame. This was tesfed by maneuvering the arms laterally and medially. When the
arms were perpendicular to the frame, the position of the arms relative to the planes of
ear bars was a constant.
o Anesthesia: Mice were anesthetized with anesthetic cocktail as currently
approved in the Portland Veterans Administration animal research facility [Xylazine
(2.5 ml of 20 mg/ml stock solution), Acepromazine (1 ml of 10 mg/ml stock solution),
Ketamine (5 ml of a 100 mg/ml solution), and saline (1.5 ml)]. This mixture was
available from the VA ARF. The mixture was diluted in saline (1:3), and was
administered (s.c.) in a volume of 10 mL/kg minus 0.1 mL.

After 20 minutes, the mice were tested for adequate anesthesia. Depth of

anesthesia was measured by dabbing the eyes with a cotton swab which had been
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soaked in 0.9% saline. The hind foot was also gently pinched with a pair of forceps.
Anesthesia was indicated by an absence of a blink reflex and by an absence of a foot
withdrawal reflex. If more anesthetic was required, a supplement (0.005 to 0.015 mL)
was provided. Throughout the stereotaxic procedure, the eyes were kept moist by
dabbing them with the 0.9% saline-soaked swab.

. Initial incision: Following adequate anesthesia, a pair of scissors was used to
create a small midline incision over the dorsal scalp to allow access to the cranial
surface. The length of the incision proceeded a few millimeters anterior to bregma to a
few millimeters posterior to lambda.

. Mouse positioning into stereotaxic apparatus: A cardboard platform has been
constructed for the mouse to lay on during surgery. This platform maintains a
comfortable position for the mouse, and places the body at the correct height for
securing the head in the stereotaxic apparatus. A mouse bite bar has been constructed
(Dr. Dan Feller, OHSU/VAMC) for attachment to the Kopf stereotaxic instrument. The
bite bar was specifically designed for securing a mouse in the apparatus.

To position the head, the incisors were lowered through the bite hole of the bite
bar, and the nose clamp was slightly tightened. The ears bars were softly maneuvered
into the ears. The insertion of the ear bars was slightly posterior to the ear canal and
below a ledge of the skull which then sat on the tips of the ear bars. The ear bars were
gradually inserted further into the ear until the head was stable. The nose clamp was
then further tightened. By positioning the ear bars posterior to the ear canal, damage to
the tympanic membrane was avoided. In addition, the head could be more securely
positioned than if the bars were directly inserted into the ear canals.

. Cranial surface cleaning: The cranial surface was wiped clean with 100%
ethanol using a cotton swab. The surface was cleaned for three reasons. One, the

ethanol sterilized the exposed tissue. Two, the dental cement required exposed skull
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bone for secure attachment. Three, a clean skull was necessary for optimal
visualization of bregma, lambda, and the sagittal suture. Therefore, all of the periosteal
membranes were wiped from the surface.

. Precise positioning of the head: Precise positioning of the head in the
stereotaxic holder was crucial for correct cannula placement. Positioning was
accomplished by manipulating the placement of the ear bars and by loosening the nose
clamp. The head was then gently moved and resecured. The sagittal suture was made
exactly parallel to the anterior/posterior plane of the stereotaxic apparatus, and the head
was positioned so that lambda and bregma were at the same height. Once precise
positioning was established, bregma was marked with an ultra-fine point pen.

. Screw fastened to cranium: Once the mouse was securely positioned in the
stereotaxic apparatus, a small 1/8" screw was fastened to the left, posterior skull. For
this, a small hole was first created using a 25g needle. A 0.031" drill was then used to
create a hole in the skull. This hole was enlarged with a larger bore drill. If bleeding
occurred, a cotton swab was held to the area until the hemorrhage stopped. While a
screw was held with a pair of forceps, it was drilled half-way into the hole with a small
screwdriver. The hole was slightly smaller than the screw allowing firm attachment.

. Marking of cannula placement: Using the dials to maneuver the arms of the
stereotaxic apparatus, the right cannula was positioned over bregma. The cannula was
lowered until it was touching bregma, and the three coordinates were recorded:
Anterior/Posterior, Medial/Lateral, and Dorsal/Ventral. The guide cannula was then
moved laterally and posteriorly to a position relative to bregma. For injections into the
basolateral amygdala the coordinates used for the guide cannulae were: 1.6 mm
posterior, 3.4 mm lateral, and 2.3 mm ventral to bregma. For the ventrolateral
caudate, the coordinates used were: 0.5 mm posterior, 3.2 mm lateral, and 1.2 mm

ventral to bregma (Slotnik and Leonard 1975). The cannula was lowered until the skull
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was touched, and the exact spot was marked with a pen. The cannula was then dialed
away from the area.

A small hole was drilled through the skull using a 25g needle, and then enlarged
using a 0.031" drill bit. The drilling penetrated the skull without entering the dura
mater. If the arachnoid space was entered and bleeding occurred, a cotton swab was
held to the area until the hemorrhage stopped.

The opposite side was treated in a similar manner to create a hole for the left
cannula. Once holes were drilled bilaterally, both guide cannula were returned to the
pre-calculated coordinates for lowering into the holes. The guide cannulae were then
lowered through the drilled holes to the calculated depth. For both injection areas, the
depth to which the cannula were lowered resulted in some cortical brain tissue
penetration. The location of the guide cannula tips, 2.5 mm above the intended
injection site, was in cerbral cortex, resulting in expected damage to this area.

. Cementing: Cannulae were secured to the cranial surface using carboxylate
dental cement. The cement mixture was applied to the cranium, covering as much
skull surface as possible. Some cement was pushed between the skin and the skull
surface. This assisted in maintaining the cement on the skull surface, and also helped
with wound closure. Once the cannulae were satisfactorily cemented to surface, the
cement was allowed to dry for 10 minutes.

. Removal of mouse from the stereotaxic apparatus: Once the cement was hard,

the electrode clamps were loosened, the guide cannulae were released from the
electrode holders, and the stereotaxic arms were moved away. The mouse was then
removed from the stereotaxic apparatus. The stylets were lowered completely through
the guide cannulae.

. Guide cannula positions: Implanted guide cannula were situated so that the

injection cannnula would project 2.5 mm beyond the tip following insertion. For
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injections into the amygdala, the tips of the guide cannula were situated in the
dorsolateral 'parietal’ cortex. Ultimately this produced small, core-shaped ablations of
this region of the cortex. See Figure xx for an example of typical damage.

. Recovery: After surgery, the mouse was placed in a large rat cage. One half of
the bedded floor of the rat cage was slightly heated with a heating pad, while the other
half was room temperature. Recovering mice could change floor positions to regulate
their heat exposure. The mouse began to awaken one hour after surgery, and after
several hours, the mouse was fully awake. Mice taken from the same cages before
surgery were allowed to recover in the same cages after surgery.

. Additional handling after surgerv: The mice continued to be housed in rat
cages. They were handled at least three times per week between surgery and behavioral
testing for two reasons. One, the stylets in the cannulae lumens were regularly checked
so that cannula patency was maintained. Second, repeated handling of the mice in this

manner was necessary to habituate them to the stress of handling.

4.0 Construction of guide cannulae, stylets, and the intra-cerebral
injection assembly

. Overview: Guide cannulae were secured into the cranium during stereotaxic
surgery. They served as guides for the injection cannulae. They were 1.5 cm in length
and were constructed with 25 gauge stainless steel tubing (OD 0.020" ID 0.010").
Obturator stylets (used for guide cannula patency) were 1.55 cm in length and
constructed with stainless steel wire (OD 0.0095"). These were designed to tightly fit
into the lumen of the guide cannula. Injection cannulae extended 1.75 cm in length and
were constructed with 32 gauge stainless steel tubing (OD 0.009" ID =0.004"). These

were inserted through the guide cannula for infusion of substances.
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The injection assembly consisted of an injection cannula firmly attached to a
segment of 25 gauge stainless steel tubing. At the proximal end of the injection
cannula, a 7 mm length of borosilicate glass tubing (ID slightly greater than 0.02") was
fixed to the 25 gauge stainless steel tubing. The glass tubing was from a section of a
20 pLL glass micropipet (Fisher).

When the injection cannula was fully inserted through the guide cannula, the
glass tubing of the injection assembly fit on the outside of the guide cannula. This
securely immobilized the injection cannula during infusions. Also, when the injection
cannula was completely inserted through the guide cannula, the distal end projected 2.5
mm beyond the distal end of the guide cannula. The design allowed quick insertion of
the injection cannula to the correct depth as well as quick removal of the injection
cannulae following infusion. The animal was allowed to freely move about the cage
without restraint during injection. PE-20 tubing (ID 0.015" OD 0.043"; Intramedic)
connected the injection assembly to a glass injection syringe (10 pL, Hamilton).
Injections were controlled using a dual syringe pump (Stoelting model 101).

. Guide cannula construction: Guide cannulae were made from 25g steel tubing
(ID 0.01" OD 0.02"; Small Parts Inc.). They were cut to exactly 15 mm in length.
One end of the cannula was slightly tapered. This was the end into which the injection
cannula was inserted. The tapering allowed the guide cannula to more easily slip into
the glass section of the injection cannula assembly. The guide cannula was bored
before surgery to ensure that the lumen was free of any obstruction. This allowed both
the stylet and the injection cannula to be easily inserted.

. Stylet construction: Stylets were made from 0.0095" wire (Small Parts Inc.)
They were cut to approximately 22 mm in length. One end of the wire was tapered to
facilitate insertion into the guide cannula. The wire was inserted into a 15 mm guide

cannula until 0.5 mm of wire projected from the end of the guide cannula. The other
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end of the wire was then bent so that no further progression was permitted. At this
stage, the stylet could be fully inserted into a guide cannula until 0.5 mm projected
from one end. The stylet was now slightly bent to ensure that the stylet could not easily
fall out of the guide cannula. That is, the stylet could fit tightly into the guide cannula
but was readily removable by hand.

. Injection cannula assembly

(@) A 2.5 cmto 3 cm length of 25¢g steel tubing (ID 0.01" OD 0.02"; Small Parts
Inc.) was cut. The ends were evenly ground and the lumen was bored so that a wire
(OD 0.0095"; Small Parts Inc.) could easily pass through.

(b) A precut 3 cm length of 32g steel tubing (OD 0.009" ID 0.004"; Small Parts
Inc.) was carefully bored so that a wire (0.003"; Hamilton) could easily pass through.
It was crucial that this tubing have no blockages.

(©) The 32g tubing was inserted into the 25¢g tubing so that about 18 mm of 35 g
tubing protruded from the end. The 32g tubing was glued to the 25g tubing. This was
done so that (1) the two pieces were firmly fastened to one another and (ii) no water or
air could pass at their junction. Both of the lumens had to remain patent. A small
droplet of acrylate glue at the junction was sufficient to form this seal. After gluing, the
32g tubing now projected 1.75 mm from the end of the 25g tubing. This formed the
steel portion of the injection assembly (Figure 3).

@ A 0.5 cm length of glass tubing was made by manually snapping off a small
section from a microliter pipet (20 pL, Fisher). This section could be inserted over a
small length of 25g steel tubing. The ends of the glass tubing were then ground until
they become smooth. The 25g steel tubing easily slid into and through the glass
tubing. Tygon tubing (040x070; Tygon) was now slipped over 75% of the glass

tubing, and a 1.0 cm length of PE-200 tubing (Intramedic) was slipped over 75% of fhe
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Tygon tubing. All of these junctions were extremely tight and no gluing was
necessary.

(e The steel tubing portion of the injection assembly was now connected to the
glass and plastic portion. The 32g steel tubing was inserted through the lumen of the
glass and plastic portion until the junction of the 32g and 25g tubing reached the glass
tubing. The steel portion could now be glued to the plastic portion. With the two
sections held tightly together, some acrylate glue was placed into the space between the
25g steel tubing and the PE-200 ubing. These were held together until the glue had
dried.

9] One end of a 0.5 meter length of PE-20 tubing (Intramedic) now slid over the
25g end of the injection assembly. The other end of the PE-20 tubing was slid over a
needle connected to a 10 pL glass (Hamilton) syringe. These connections were water-
tight, and could be undone. They did not need gluing.

€) The completed injection assembly was water-tight. Water easily passed through
the PE-20 tubing and out of the 32g end of the injection assembly. When completely
inserted through a 15 mm length of 25g steel tubing, the glass portion of the assembly
could slip over the end of the 25g tubing, and 2.5mm of 32g tubing projected from the
other end.

(h) Maintenance of the injection assembly was required for proper functioning.
Insertion of the 0.003" wires through the lumen was used the to clean the cannulae and

to unclog any blockages.
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Figure 3. Injection cannula construction The injection cannula is constructed from

(a) 25g and 32g steel tubing and (b) glass capillary, PE-200 tubing, and tygon tubing.

5.0 Intra-cerebral injections
. Qverview: The mice were firmly held by the dorsal neck scruffs to immobilize
the heads, and the stylets were removed. The 32g cannulae from the injection
assemblies were fully inserted through the lumens of the guide cannulae until the glass
portions of the injection assembly had slipped over the ends of the guide cannulae.
When fully inserted, the injection cannulae projected 2.5 mm beyond the tip of the
guide cannulae.

The mice were then released into a "shoe-box" size cage. Infusion of 0.5 puL
over 80 seconds was begun. The mice were injected with either an artificial CSF
vehicle or a 200 mM CDP solution. This dose was selected for three reasons. One,

this dose was found to produce a variety of behavioral effects (Audi and Graeff 1984;
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Hodges et al. 1987; Kataoka et al. 1982; Maier et al. 1994; Sullivan et al. 1989)..

Two, this was the maximal dose achievable in solution using artificial CSF with Tween
80. Three, by maximizing the amount of CDP infused, the probability of eliciting a
response could be maximized. Three minutes after the initiation of infusion, the mice
were again immobilized, and the injection cannulae were removed. The mice then
remained in the "shoe-box" cage until behavioral testing.

. Injection Solutions: CDP for injections was suspended (200 nmol/pL) in
artificial CSF with 1 drop of Tween 80 per mL. This concentration of CDP was not
completely soluble in the vehicle, and some remained suspended. This concentration
could be consistently infused through the narrow lumen of the injection cannulae. No
solid pieces larger than the lumen could be injected into the brain. During infusions and
behavioral testing, the solution was constantly agitated using a magnetic stir bar to
maintain a consistently homogenous solution.

Artificial CSF had the following composition:

NaCl 277 mOsm/L
KCl1 6.7 mOsm/L
CaClp 4.5 mOsm/L
MgCl 3.0 mOsm/L
NaH7PO4 2.9 mOsm/L
Nas>HPO4 14.6 mOsm/L
Glucose 5.4 mOsm/L
pH 7.4

. Preparation for injections: The injection assembly, the connecting polyethylene
tubing (PE-20), and 10 pL injection syringes were filled with the solution to be
injected. No air bubbles were permitted. The dual syringe pump (Stoelting model
101) was programmed to infused 0.5 pL (bilaterally) over 80 seconds. Before each
injection, the patency of the entire infusion system was checked.

. Injections: The subjects were slightly restrained by tightly holding the scruffs
of their necks to minimize head movement. The obdurator stylets were removed from

the guide cannulae, the injection cannulae were fully inserted into the lumens of the
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guide cannulae, and the attachments were checked for secure insertion. This procedure
required approximately 30-45 seconds. The injection cannulae remained secure during
free movement of the animals. The mice were placed into shoe-box size cages, and
infusion was initiated.

Three minutes after the initiation of infusion, the mice were again immobilized,
and the injection cannulae were removed. Removal of the injection cannulae required
approximately 15 seconds. The mice then remained in the "shoe-box" cages until
behavioral testing. Recommendations for maximizing specificity of injections were
followed: (1) Use of fine gauge injection needles to minimize tissue damage, (2)
injection beyond the tip of the guide cannula (2.5 mm) to minimize backflow of
injectate through the large tract created by the guide cannula, (3) use of a slow injection
to allow fluid to be absorbed by the tissue, minimizing tissue damage, and (4)
habituation of the animals to the injection procedure, minimizing influences of stress

(Jacquet and Lajtha 1973).

6.0 Behavioral testing
. Plus maze Apparatus: The plus maze consisted of four elevated runways
arranged in the shape of a cross, and was made of black acrylic plastic. Each runway
was raised 20 inches above the base and was 11.5 inches long and 2 inches wide. Two
opposing runways were enclosed with clear acrylic plastic walls (6 inches high) while
the other two runways remained open. To minimize falling from open runways, these
were surrounded with plastic lips (1/32 inches high) to provide a tactile indication of the
edge. Sawdust was placed at the base of the plus-maze to prevent injuries from falling.
Performance on the plus maze was monitored using a program written by
Edward J. Gallaher for this purpose (Microsoft QuickBasic on a Macintosh Classic

computer). As a mouse entered into either open or enclosed arms, the appropriate key
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was pressed. The program then summmated the total number of entries into either open
or closed arms, the total number of arm entries, and the duration spent in either open or
closed arms.
. Plus maze Procedure: A subject was released in the center of the plus maze
where the four runways meet. For a period of five minutes, the number of entries into
either open or enclosed arms as well as the time spent in each was monitored and
recorded. An entry into an arm was counted when all four paws of the subject entered
that arm. After five minutes, the subject was returned to its home cage, and the plus
maze was wiped clean with a bleach solution. If the mouse fell from the plus maze
during testing, it was immediately placed back onto the central position. Ataxia can
increase the probability of falling, though this rarely occurred in these experiments.
The total number of entries a subject made was used as an index of total
locomotor activity. The percent of total entries made into the open arms of the plus-
maze was used as an index of anxiety (a baseline is generally about 10-25% open arm
entries). A larger percentage of open entries indicated an anxiolytic effect. Animals
with zero arm entries (those which remained in the central square for the 5 min
duration), were excluded from analyses using percent open entries.
. Muscle relaxation Apparatus: A digital strain gauge (Accuforce Cadet; Ametek)
was securely mounted onto 1/2 inch thick plastic. A wire triangular ring (2.5 inches x
2.5 inches x 4 inches) made from 3/32" thick rod was attached to the extension
assembly of the strain gauge. The 4 inch length of this triangular ring served as the
forelimb grip-bar and was aligned parallel to the plastic surface.
. Muscle relaxation Procedure: The procedure was adapted from Nevins et al.
(1993). Each subject was held by the tail about 3/4 of the distance from the tail base
and was lowered toward the triangular ring until its forepaws grasped the grip bar. The

subjects were then steadily pulled (about 1 inch/second) away from the ring undl the
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grip was broken. The greatest extending force exerted on the strain gauge was
recorded. Three successive trials were given per animal; each trial separated by about 5
seconds. Performance was reported as the average of the three trials. The strain gauge
was re-zeroed between each trial.

The subjects were tested for muscle tension before treatment and then retested
after reatment. The effect of a treatment was then expressed as a percentage of pre-
treatment performance.

. Rotarod Apparatus: The rotarod apparatus consisted of a rotating horizontal

cylinder, 5 cm in diameter, covered with 320 wet-dry sandpaper to provide a uniform
surface. The cylinder was divided into sections 10 cm wide by means of plastic disks,
6 cm thick and 25 cm in diameter. To avoid spontaneous jumping by the mice, the
rotarod was suspended 60 cm above a bed of sawdust. Rotation was powered by a
Bodine 115V (1/50 HP) electric motor (model NSH-12). Voltage was controlled by a
Bodine DC speed controller with extended range. To this controller, an auxiliary circuit
was added to produce a smooth linear acceleration of 20 RPM per minute.
. Rotarod Procedure: Mice were placed on a stationary rotarod. Acceleration
began after 3 to 5 seconds. A multi-channel stopwatch program (Microsoft QuickBasic
on a Macintosh Classic computer) was used to monitor the time from the beginning of
acceleration until the subject fell. As each mouse fell, the appropriate key was pressed
on the computer to indicate the duration of performance. This was automatically
converted to the RPM at which the individual animal fell.

Mice were tested three times, separated by about 30 seconds between trials.
The mean of the second and third trials was used to indicate the individual’s
performance. The subjects were tested for rotarod performance before treatment and
then retested after treatment. The effect of a treatment was then expressed as a

percentage of pre-treatment performance.
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. Seizure Threshold Procedure: The subject was placed in a restraining tube with
its tail extended out one end of the tube. To dilate the tail veins, the tail was heated by
submerging it for 1 min in a beaker of water maintained at 44 - 47 degrees C. The
restraining tube was then clamped to a ring stand for stability. A 27 gauge x 3/8 inch
butterfly (Abbot Laboratories) was quickly inserted into a lateral tail vein. Infusion was
initiated using a foot switch which simultaneously turned on a timer (GralLab Model
605) and an infusion pump (Sage Model 355). PTZ (0.5 mg/ml) was infused at a rate
of 5.0 ml/min--giving an infusion rate of 0.25 mg/min. Latencies to seizure thresholds
were recorded and later converted to mg/kg PTZ administered.

Four seizure endpoints were recorded and identified as follows. (1) Myoclonic
jerks were jerks of the head back toward the shoulders of about 1 millimeter. (2) Face
and forelimb seizures were clonic seizures wherein the head bent downward and/or
rolled left or right, the front limbs were drawn in, and paws curled into fists and moved
in slow boxing motions. (3) Running and bouncing seizures were full body clonic
seizures that simulated wild involuntary running. (4) Tonic hindlimb extensions were

sustained full body tensing with slow extension of the front and rear paws.

7.0 Histology

The placement of the injections was histologically verified. Following
behavioral testing, the brains were removed from animals and placed into a
glutaraldehyde fixative [NaCl 9 g/L.; 0.1M phosphate buffer (pH 7.3) 50mL/L;
glutaraldehyde (50%) 50mL/L]. They remain refrigerated in this fixative for at least
three days. Perfusion of the subject with fixative prior to removal of the brain was not
necessary for the gross histological verifications used in this study. Fixed brains were
sliced using a Vibratome (Series 1000, Pelco) to a thickness of 150 um. Slices were

mounted on slides and allowed to dry. The tracts made through the tissue by the
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cannulae were inspected and the injection site noted. Grey matter could be
differentiated from white matter in these slices without staining. Using these unstained
landmarks, the location of the injection site could be verified. The brains were coded
so that the verification of injection site was performed blind to the drug treatment and
performance of the animal.

For amygdala injections, landmarks used were (1) the dorsal hippocampus, (2)
the corpus collosum extending lateral to the amygdala, and (3) the optic tracts radiating
just medial to the amygdala. A distinct branching of the white matter tracts
distinguished the AL/ABL from the CEA (Figure 4). The intended injection area was
the AL or ABL, 1.6 mm posterior to bregma. Misses were noted when the tip of
cannula was (1) lateral to the tip of the corpus callosum and into the cortex (2) medial to
the white tract and into the CEA or optic tracts, (3) dorsal to the amygdala and into the
caudate or globus pallidum, or (4) extremely caudal and into the lateral ventrical or
ventral hippocampus.

Injections into the ventrolateral caudate were counted as "missses” if they were
(1) lateral or dorsal to the corpus callosum and into the cortex (most common), (2) in
the caudate but anterior to the anterior commissure, (3) into the caudate or globus

pallidus but more medial than the underlying tip of the corpus callosum (Figure 5).
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Figure 4. Location of injections in the amygdala. This schematic of a cross-
sectional coronal brain slice, 1.6 mm posterior to bregma, indicates the intended injection

site for amygdala injections. Injections into the shaded region were considered to be "hits."

Injections outside of this region were considered "misses."
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Figure 5. Location of injections in the ventrolateral caudate. This schematic of
a coronal brain slice from 0.5 mm posterior to bregma indicates the intended injection site
for caudate injections. Injections into the shaded region were considered "hits.” Injections

outside this region were considered "misses."
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8.0 Statistics

The results of each experiment were analyzed using two-way ANOV As. The
comparisons were DS mice vs DR mice, CDP injection vs vehicle injection, and the
interaction. Post-hoc comparison were made using Scheffe's S test. Significant
differences are defined by p values less than 0.05. Both StatView 4.01 (MacIntosh)
and SuperANOVA (Maclntosh) were used.

Exlusion criteria were used. Only subjects with histologically verified bilateral
injections were used in these analyses. Subjects with zero arm entries on the plus maze
were excluded from analyses of percent open arm entries. Also, during evaluation of
seizure protection, the intravenous infusion site was lost during the procedure, resulting

in loss of later seizure endpoints in some subjects.

9.0 Experimental Protocols

o Experiment (1) Behavioral batterv following amygdala infusion

Seven to fourteen days following stereotaxic surgery, mice were bilaterally
infused with either CDP (200 mM) or artificial CSF (0.5 pL) and sequentially tested on
a variety of tasks. Only data for bilateral injections into the basolateral or anterolateral
amygdala is included in the analyses. Mice were injected and behaviorally tested only
once. 46 DS (23 CDP, 23 vehicle) and 46 DR (20 CDP, 26 vehicle) mice from
generation 40 were used.

This first experiment was to evaluate whether injection of CDP into DR and DS
mice would affect anxiety or a number of other measures. For this, the mice were first
tested for baseline muscle relaxation (1-2 minutes), were given a brief rest (about 30
seconds), and then tested for baseline rotarod performance (2-4 minutes). Intra-cranial
infusions (3 minutes) then occurred. Five minutes following the infusion, the mice

were tested on the plus-maze. Following this, the subjects were tested for muscle

84



relaxation and rotarod performance. The final test was for protection against PTZ-
induced seizures (Figure 6). The mice were sacrificed, and the brains were removed

and placed in vials containing glutaraldehyde fixative.

(minutes from end of injection)
0 5§ 10 19 20 25 30 35 40 45 50

Inj |
PM

MR
RR MR Sz
(Pretest) RR

Figure 6: Time line for behavioral testing in Experiment 1. Pretesting of grip
strength (MR) and rotarod performance (RR) was followed by injection (Inj). After five
minutes, plus maze testing (PM) occurred. Then, MR, RR, and protection against seizures

(SZ) were evaluated.

. Experiment (2) Plus maze testing following amygdala infusion

In order to minimize freezing on the plus maze following intra-amygdala
injections, the mice were tested on the plus maze 24 (+ 2) minutes following injection.
The results of Experiment 1 demonstrated that total locomotor activity was markedly
diminished 5 minutes following the infusion procedure. This interfered with the
measurement of percent open arm entries. Inital pilot data (not shown) suggested that
locomotor activity on the plus maze could return to baseline following a period of 24

minutes. Therefore, the mice were tested in Experiment 2 at this later time period.
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Additionally, the tests for seizure protection in Experiment 1 occurred 24 min
following injection. One concern was whether concentrations of behaviorally active
CDP remained in the amygdala at 24 to 30 min. The lack of any seizure protection
could theoretically be the result of diffusion of CDP from the infusion site over this
time course. Thus, Experiment 2 was also designed to test whether behaviorally active
CDP remained in the AL/ABL after 24 to 30 min.

Seven to fourteen days following stereotaxic surgery, mice were bilaterally
infused with either CDP (200 mM) or artificial CSF and then, after a 24 min period,
tested on the plus maze (Figure 7). Following testing, the mice were sacrificed, and the
brains were removed and placed in vials containing glutaraldehyde fixative. Only data
for bilateral injections into the basolateral or anterolateral amygdala is included in the
analyses. 32 DS (16 CDP, 16 Vehicle) and 30 DR (16 CDP, 14 Vehicle) mice from

generations 40 and 41 were given CDP or vehicle injections.

(minutes from end of injection)
__(_)5101520253035404550

Inj
PM

Figure 7: Time line for behavioral testing in Experiment 2. Twenty-four

minutes following injections, plus maze testing (PM) occurred.
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Plus maze testing began 5 min after injection in experiment 1 and lasted for 5
min. However, seizures were not evaluated until about 24 min following injection.
One concern was whether behaviorally active CDP remained in the amygdala at this
later ime. The lack of any seizure protection at 24 minutes could theoretically be the
result of diffusion of CDP from the infusion site. Experiment 3 was designed to
measure seizure protection 7 min following injection. Itis expected that the amount of
CDP in the AL/ABL at 7 minutes will be equivalent to the amount present during plus
maze testing in Experiment 1.

Seven to fourteen days following stereotaxic surgery, mice were bilaterally
infused with either CDP (200 mM) or artificial CSF and then tested for protection
against PTZ-induced seizures. Testing for seizure protection was begun approximately
7 minutes after the infusion (Figure 8). The mice were sacrificed, and the brains were
removed and placed in vials containing glutaraldehyde fixative. Only data for bilateral
injections into the basolateral or anterolateral amygdala is included in the analyses. 50
DS (26 CDP and 24 vehicle) and 44 DR (24 CDP and 20 vehicle) mice from generation

42 were used.

(minutes_from end of injection)
0 5§ 10 15 20 25

Inj

SZ

Figure 8: Time line for behavioral testing in Experiment 1. Seven minutes

following injection, protection against seizures (SZ) was evaluated.
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. xperiment (4) Plus maz rformance followin

Behavioral evaluation on the plus maze occurred 24 minutes following injection
in experiment 2. In order to evaluate the anatomic localization of BZ micro-injections
into this structure, injections into the nearby ventrolateral caudate (about 1.6 mm
distant) were performed. In this experiment, plus maze testing also occurred at 24
minutes following injection in order to directly compare the results with those of
experiment 2.

Seven to fourteen days following stereotaxic surgery, mice were bilaterally
infused with either CDP (200 mM) or artificial CSF and then tested on the plus maze.
As in Experiment 2, plus maze testing occurred 24 minutes (X2 minutes) after the
infusion (Figure 7). The mice were sacrificed, and the brains were removed and placed
in vials containing glutaraldehyde fixative. Only data for bilateral injections into the
ventrolateral portion of the caudate (caudal to the anterior commissure) was included in
the analyses. 39 DS (19 CDP and 20 vehicle) and 47 DR (24 CDP and 23 vehicle)

mice from generation 42 were used.

. xperimen Behavioral ry followin infusi

The caudate may possibly be involved in several behavioral effects of BZs.
Seven to fourteen days following stereotaxic surgery, mice were bilaterally infused
with either CDP (200 mM) or artificial CSF and sequentially tested on a variety of
tasks. The first post-infusion behavioral test was the plus maze. Testing on this
apparatus occurred 24 minutes following infusion, as freezing no longer occurred
during this period.

The mice were first tested for baseline muscle relaxation (1-2 minutes), were

given a brief rest (about 30 seconds), and then tested for baseline rotarod performance
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(2-4 minutes). Intra-cranial infusions (3 minutes) then occurred. Twenty-four minutes
following the infusion, the mice were tested on the plus-maze. Following this, the
subjects were tested for muscle relaxation and rotarod performance. The final test was
for protection against PTZ-induced seizures (Figure 9). The mice were sacrificed, and
the brains were removed and placed in vials containing glutaraldehyde fixative. Only
data for bilateral injections into the ventrolateral caudate is included in the analyses. 23
DS (11 CDP and 12 vehicle) and 22 DR (12 CDP and 10 vehicle) mice from

generations 42 and 43 were used.

(minutes from end of injection)

0 5 10 15 20 25 30 35 40 45 50

[T+ NEE
PM

SZ

RR MR
(Pretest) RR

Figure 9: Time line for behavioral testing in Experiment 5. Pretesting of grip
strength (MR) and rotarod performance (RR) was followed by injection (Inj). After 24
minutes, plus maze testing (PM) occurred. Then, MR, RR, and protection against seizures

(SZ) were evaluated.
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Results

1.0 Experiment 1: Behavioral testing 5 minutes after infusion

The percentage of animals in this initial experiment with bilateral injections into
the amygdala was 39%. There are a number of reasons why the cannulae may have
missed the injection site. One, there was variation in the size and shape of the mouse
craniums. Thus the location of the amygdala relative to bregma may exhibit phenotypic
variation. The presence of phenotypic variation has previously been described, with
genetic differences in the location of various structures relative to bregma (Wahlsten
1975). Also, there may have been movement and tilting of the guide cannulae during
the week before behavioral testing. The mice were observed to lie on the cannulae, as
well as rub the cannulae against the sides of the cages. This may have shifted the
placement of the guide cannulae. Only the behavior of animals with bilateral injections
into the amygdala was analyzed.

The typical amygdala injection site was into the anterolateral nucleus of the
amygdala, with "misses" most commonly into the neighboring cortex or dorsally into
the lateral caudate. Figure 10 is a plot of injection sites demonstrating the common
areas which were included as "hits" and those areas counted as "misses.” This
schematic summarizes a representative sample of the injection cannula tip locations,
though, for clarity, not all are included.

The typical extent of damage by both the guide cannula as well as the injection
cannula included a core of parenchymal ablation by the guide cannula and a
hemmorhagic tract created by the injection cannula (Figure 11). The ventral extent
travelled by the flat-tipped end of the injection cannula was noted in consecutive coronal

slices and recorded.
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Figure 10. Location of injection sites. Triangles indicate injection sites counted as
"hits," and circles indicate those counted as "misses.” Note that the majority of misses were
lateral or dorsal to the anterolateral amygdala. The majority of hits were in the anterolateral

nucleus, though some injections extended into the basolateral nucleus.
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Figure 11: Histology of cannula placement in the amygdala. A typical slice
with an injection tract was stained and scanned into the computer to demonstrate the
location of injections and anatomy. Note that the tip of the injeciion cannula extends to the
lateral portion of the anterolateral amygdala (compare with Figure 4). The injection site was
recorded as the most ventral extent of the tract observed in consecutive slices. This was the
most common site of injection in these experiments. The parenchymal damage seen in this
picture is typical of that produced in these studies. Because of the angle of slicing, the

contralateral injection tract was rarely seen in the same 130 pum slice.
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On the plus maze, the total (closed plus open) number of entries was low for
both DS and DR mice when tested five minutes after infusion (Figure 12). This may be
due to freezing behavior resulting from handling and injection trauma during intra-
cranial infusions. A two-way ANOVA indicated that (i) the DR mice had more total
entries than DS mice [F(1,32) = 17.66; P = 0.0002] (Figure 12); (ii) there was also a
significant effect of the CDP injection [F(1,32) = 10.49; P = 0.0028], and (iii) there
was a significant treatment interaction [F(1,32) = 6.31; P =0.017]. This significant
interaction indicates that CDP treatment had a different effect in DR mice than in DS
mice. Post-hoc tests revealed that total entries following CDP injection in DR mice
were significantly increased relative to vehicle injections, although there was no
significant effect of CDP treatment in DS mice. Baseline performance after vehicle
injection in DS and DR mice did not differ. Taken together, these results indicate that
CDP treatment increased total entries in DR mice, but not in DS mice.

CDP injection did not result in significant effects on percent open entries
[F(1,29) = 0.015; ns] (Table 5). There were also no differences on this measure
between DS and DR mice [F(1,29) = 1.64; ns], nor was there any significant
interaction [F(1,29) = 1.06; ns]. Note that because three subjects had zero open arm
entries, they were excluded from this analysis.

Injection of CDP was expected to result in an increase in the percent of open
entries. There was a statistically insignificant trend for CDP to increase the percent of
open entries of DR mice (p = 0.47 using Scheffe's S test).. However, a large degree
of variation in performance was observed, which may have resulted in a decreased
power to detect any effects of CDP injections. Much of this variation was likely the

result of diminished activity in the mice.
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Figure 12. Total (closed and open) entries on the plus maze 5 minutes after
injection into the amygdala. In Experiment 1, vehicle or CDP was injected into the
amgydala of DS and DR mice. Five minutes following injection, they were tested on the
plus maze. Results are mean + SEM. The number of mice tested is in parentheses. There
was a significant effect of line (p < 0.001) and treatment (p < 0.005), as well as a significant
interaction (p < 0.05). Post-hoc comparisons demonstrated that CDP injections increased total
entries in DR mice compared to the other three treatment groups, as indicated by an

asterisk.

Anxiety (percentage open arm entries on the plus maze)
DSven 2221129 (8) DScpp

2
DRyen 120+ 8.2 (9) DRcpp 57
Table 5. Performance of DS and DR mice on the plus maze. Testing began
5 minutes after injection. In Experiment 1, vehicle or CDP was bilaterally injected into
the amygdala of DS and DR mice. Results are mean + SEM. The number of mice tested is

in parentheses.
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There was no significant effect of drug treatment on forelimb grip strength
(Table 6) in DR and DS mice [F(1,32) = 0.02; ns]. There was also no difference
between the lines [F(1,32) = 0.78; ns], nor was there any significant interaction
[F(1,32) = 0.19; ns].

Additionally, there was no significant effect of drug treatment on performance
on the rotarod (Table 6) in DS and DR mice [F(1,32) = 0.0008; ns], nor was there a
significant interaction [F(1,32) = 0.26; ns]. However, the DR mice performed better
on the rotarod than DS mice, regardless of the injection [F(1,32) = 9.503; p = 0.004].

There were no significant differences between the lines in sensitivity to any of
the four PTZ-induced seizures (Table 7): myoclonus [F(1,21) =0.19; ns],
face/forelimb clonus [F(1,18) = 0.32; ns], tonic/clonic running and bouncing [F(1,15)
= 0.07; ns], and tonic hindlimb extension [F(1,14) = 0.27; ns]. There was also no
effect of CDP infusion in the mice: myoclonus [F(1,21) = 0.54; ns], face/forelimb
clonus [F(1,18) = 0.20; ns], tonic/clonic running and bouncing [F(1,15) = 0.05; ns],
and tonic hindlimb extension [F(1,14) = 0.54; ns]. There also were no significant
interactions: myoclbnus [F(1,21) = 0.91; ns], face/forelimb clonus [F(1,18) =0.12;
ns], tonic/clonic running and bouncing [F(1,15) = 0.29; ns], and tonic hindlimb
extension [F(1,14) = 0.33; ns]. Note that their was attrition of subjects during seizure
testing. This was the result of loss of intravenous access during the seizure latency
protocol. As this access was lost, later seizure endpoints could not be evaluated.

This initial experiment indicated that the infusion of CDP reversed the handling-
induced freezing in the DR mice, as seen by an increase in total plus maze entries. This
was not seen in the DS mice, indicating a genetic difference between the lines in
sensitivity to this effect. The more typical anxiolytic measure, an increase in open arm

entries, was not produced in either line, although there was a trend for this in the DR
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mice. Neither line exhibited muscle relaxation, ataxia, or protection from four different
PTZ-induced seizures.

The limited activity exhibited by the mice only five minutes following injection
decreased the power to detect changes in open arm activity, anxiolysis. Thus,
experiment two was designed, measuring of plus maze activity 24 minutes following

infusion, when baseline activity levels had returned to normal.

Muscle Relaxation (percentage on forelimb grip strength)

DSveh 942+23 (11) DScpp 93.7+3.5 (9
DRyeh 92.5+2.0 (9 DRCpp 946+40 (7)
Ataxia (percentage of baseline performance on accelerating rotarod)d

DSveh 99.2+7.8 (11) DScpp 1049156 (9
DRVeh 1404+ 89 (9 DRcpp 1345+ 13.0 (7)

Table 6: Muscle relaxation and ataxia. In Experiment 1, vehicle or CDP was
bilaterally injected into the amygdala of DS and DR mice. Results are mean + SEM. The
number of mice tested is in parentheses. A significant difference between DS performance
and DR performance is indicated by a 8. Regardless of injection, the DR mice

performed better on the rotarod during their second set of trials.
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Myoclonus (PTZ mg/kg)
DSveh 47377 (9) DScpp 48.7£39 (6)
DRyeh 50.6 4.0 (6) DRcpp 408 1.6 (5)

Face and Forelimb (PTZ mg/kg)
DSvyeh 533292 (8) DScpp 59.4%£45 (5)
DRveh 54638 (5 DRcpp &I 1.7 1(8)

Running/Bouncing (PTZ mg/kg)

DSven 584%13.1 (6) DScpp 65.7+49 (35)
DRveh 61.1x49 (5) DRcpp 58.0x3.8 (3)
Tonic Hindlimb Extension (PTZ mg/kg)

DSveh 639+ 13.8 (6) DScpp 68.315.2 '(5)
DRyeh 81.5+£10.7 (4) DRcpp 62.7+4.6 (3)

Table 7. Results of injections into the amygdala on protection against PTZ-induced
seizures. In Experiment 1, vehicle or CDP was bilaterally injected into the amygdala of DS and DR
mice. Results are mean + SEM. The number of mice tested is in parentheses. Testing began an averag

of 24 minutes following injection.

2.0 Experiment 2: Behavioral testing at 24 minutes after infusion

This experiment evaluated performance on the plus maze 24 minutes after
injection for two reasons. First, when mice were tested on the plus maze 5 minutes
following injection, they were observed to exhibit freezing. The low level of locomotor
activity resulted in a large degree of variability in the percent of open arms which were
entered. This variability in performance may have interfered with the ability to detect
anxiolysis, as defined by an increase in the percent of open arm entries. It was

expected that this freezing behavior might be attenuated if the mice were allowed to
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recover in their home cage from the handling stress before behavioral testing. Also, the
subjects in Experiment 1 were tested for seizure protection about 24 minutes after
injection, and no protective effects were found. Therefore Experiment 2 was designed
to evaluate whether behaviorally active CDP remained in the amygdala after this time |
period.

The percentage of animals with bilateral injections into the amygdala was 74%,
resulting from improving surgical technique. Again, only animals with bilateral
amygdala injections were analyzed. When tested on the plus maze 24 minutes after
infusion, freezing behavior was no longer apparent. This is reflected in a higher
number of total entries on the plus maze than in experiment one (Figure 13). DR mice
had more total arm entries on the plus maze than did DS mice [F(1,42) =12.06; p =
0.001], however there was no effect of drug treatment [F(1,42) = 0.34; ns]. Also,
there was no significant interaction effect [F(1,42) = 0.62; ns]. These analyses indicate
that although baseline locomotor activity differs between DS and DR mice, injection of
CDP does not affect either line on this measure.

CDP treatment produced a significant increase in the percentage of open arm
entries compared to vehicle treatment [F(1,42) = 6.67; p =0.013]. There was also a
significant difference between the lines [F(1,42) = 15.53; p = 0.0003] on this measure
of anxiolysis, although there was no difference between baseline performance in these
two lines. Additionally, the interaction was significant [F(1,42) = 8.97; p = 0.005].
Inspection of the data indicates that CDP treatment had an anxiolytic effect in DR mice
and not in DS mice. Post-hoc analyses indicate that CDP did significantly increase the
percent of open entries in DR mice (p = 0.003), though CDP did not have this effect in
DS mice (p =0.94).

These results indicate that the amygdala is capable of mediating the anxiolytic

effect of CDP in this paradigm. Furthermore, there is a genetic difference in sensitivity
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Figure 13: Plus maze performance of DS and DR mice 24 minutes after
CDP or vehicle injections into the amygdala. Experiment 2. The number of mice
tested is in parentheses. A significant difference between vehicle and CDP injections is

indicated by a ** (p < 0.001).
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to this effect, as no anxiolysis was seen following infusion into DS mice. Additionally,
this experiment indicates that behavioral effects can be measured 24 minutes following

localized infusion.

3.0 Experiment 3: Seizure protection 7 minutes following infusion

In Experiment 1, CDP had a behavioral effect in DR mice--increasing total arm
entries in DR mice 5 minutes following infusion. However, CDP injection did not
protect against seizures, tested at 24 minutes after infusion. It is possible that the local
concentration of CDP may have declined after 24 minutes, leading to a false negative
conclusion regarding seizure protection. Therefore, Experiment 3 was designed to
evaluate seizure protective effects 7 minutes following injection.

The percentage of animals with bilateral injections into the amygdala was 61%,
similar to Experiment 2. Four types of seizures produced by PTZ were analyzed
(Figure 14). When tested for seizure susceptibility seven minutes after infusion, no
differences between DS and DR mice were found; myoclonus [F(1,48) = 2.28; ns],
face/forelimb clonus [F(1,42) = 1.24; ns], tonic/clonic running and bouncing [F(1,39)
=0.99; ns], and tonic hindlimb extension [F(1,39) = 0.96; ns]. Similar to Experiment
1, there was attrition of some subjects during testing as a result of loss of venous
access. Therefore, later seizure endpoints were not evaluated in these subjects.

Similar to Experiment 1, there was also no effect of CDP infusion; myoclonus
[F(1,48) = 0.24; ns], face/forelimb clonus [F(1,42) = 0.02; ns], tonic/clonic running
and bouncing [F(1,39) = 0.04; ns], and tonic hindlimb extension [F(1,39) = 0.03; ns].
There were also no significant interactions between drug treatment and line: myoclonus
[F(1,48) = 1.63; ns], face/forelimb clonus [F(1,42) = 2.14; ns], tonic/clonic running

and bouncing [F(1,39) = 1.46; ns], and tonic hindlimb extension [F(1,39) = 1.78; ns].
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Figure 14: PTZ-induced seizures in DS and DR mice 7 minutes after CDP or
vehicle injections into the amygdala. In Experiment 3, vehicle or CDP was injected
into the amygdala of DS and DR mice. The number of mice tested is in parentheses. PTZ
was infused until each seizure end-point was reached. The amount of PTZ required to
induce each type of seizure is reported. There were no significant differences between DS

and DR mice, and there was no effect of CDP infusion.
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Consistent with the result of Experiment 1, the amygdala does not mediate the
PTZ-induced seizure protective effects of CDP. Thus, the results of Experiment 1
cannot simply be explained by diffusion of CDP from the amygdala. This conclusion
is also consistent with Experiment 2, in which behavioral effects of CDP infusion could

be measured 24 minutes following infusion.

4.0 Experiment 4: Control for diffusion to adjacent brain areas

In Experiment 2, anxiolytic effects were produced in the DR mice by CDP
injection into the amygdala. Testing for anxiolysis occurred 24 minutes following
injection, and lasted for 5 minutes. It is possible that CDP may have diffused to a
nearby structure, and this may have mediated the anxiolytic effect. Therefore,
Experiment 4 was designed to evaluate anxiolysis after injection into the nearby
ventrolateral caudate. As in Experiment 2, the mice were tested on the plus maze 24
minutes after infusion.

The percentage of animals with bilateral injections into the ventrolateral caudate
was 54%. This is a lower percentage than in the prior two experiments. The majority
of injections which missed this site were lateral to the caudate, and it is possible that the
geometric relationship between this locus and bregma is different in the albino CF-1
mice used to construct the atlas (Slotnik and Leonard 1975). This indicates that in
murine micro-injection studies, it is important to be cognizant of genetic differences in
gross anatomy. As in the prior experiments, only behavior following bilateral
injections was analyzed.

As in Experiments 1 and 2, DR mice had more total arm entries than did the DS
mice [F(1,43) =4.59; p = 0.04]. This was regardless of CDP or vehicle treatment. In

each of these three experiments, the mice have increased baseline activity. No effect of
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drug treatment was observed on this measure of activity (Figure 15) in either line
[F(1,43) = 0.26; ns]. There was also no significant interaction [F(1,43) = 0.41; ns].
Thus, this experiment replicates the findings of Experiment 2 that there are differences
in baseline exploratory activity. However, this area of the caudate does not mediate any
effects of CDP on locomotor activity.

There was no effect of drug treatment on the percentage of open arm entries
[F(1,43) = 1.04; ns), there was no difference between DR and DS mice in the
percentage of open arm entries [F(1,43) = 0.37; ns], and there was no significant
interaction [F(1,43) = 0.90; ns]. These analyses indicate that CDP did not affect plus
maze performance in either line of mice when injected into the ventrolateral caudate.
Additionally, they replicate the finding of Experiment 2 that baseline anxiety is similar
in the DS and DR mice.

These caduate injections were dorsal and slightly anterior to the amygdala
injections. In fact, the cannula tract to the amygdala traverses the ventrocaudal caudate.
Most non-spherical diffusion occurs through backflow along the tract produced by the
injection cannula (Jacquet and Lajtha 1973). By demonstrating that infusions into a
nearby structure, the caudate, did not result in similar behavioral results, this
experiment provides further evidence that Experiments 1, 2, and 3 were the result of

CDP localized to the amygdala injection site.
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Figure 15. Plus maze performance of DS and DR mice 24 minutes after
injections into the ventrolateral caudate. Experiment4. No significant differences

between CDP and vehicle injections were observed. Number of mice is in parentheses.
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5.0 Experiment 5: Behavioral testing after caudate infusions

Although, the caudate does not mediate the anxiolytic effect of CDP, it is
possible that it may mediate other effects. Mice were tested on a series of behavioral
tasks beginning 24 minutes following injection. Because many of the misses in
Experiment 4 were lateral to the caudate, guide cannula were placed 0.1 mm more
medial than in Experiment 4. Care was also taken to minimize lateral tilting of the
cannulae. The percentage of animals with bilateral injections into the ventrolateral
caudate was 91% in this experiment. This increase in the number bilateral hits results
from awareness of the difference in anatomy between the mice used in this study and
the mice used for construction of the atlas. In addition, improving surgical technique,
and the larger target area also were important factors.

There was no significant effect of drug treatment on locomotor activity (Table 8) in both
lines of mice [F(1,37) = 0.02; ns]. Also, there was no effect of drug on the percentage of open
arm entries [F(1,37) =0.65; ns]. These findings replicate those of Experiment 4. Consistent
with Experiments 2 and 4, DR mice had more total arm entries than did DS mice [F(1,37) =
7.80; p = 0.008], but they did not differ in their percentage of open arm entries [F(1,37) =
2.07; ns]. There was no significant interaction for either of these measures: total entries
[F(1,37) = 0.07; ns] or percent open entries [F(1,37) = 0.09; ns).

There was no significant effect of CDP injection on the measure of forelimb grip
strength [F(1,37) = 1.03; ns], and there was no significant effect of drug treatment on
performance on the rotarod [F(1,37) = 0.0003; ns] (Table 9). As in Experiment 1, DR
performance on the rotarod was significantly better than the performance of DS mice [F(1,37)
=21.68; p < 0.0001], though there were no difference between the lines in grip strength
[F(1,37) = 0.93; ns]. There were also no significant interactions for muscle relaxation

[F(1,37) = 0.38; ns] or rotarod performance [F(1,37) = 0.42; ns].
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Locomotor activity (total entries on the plus maze) **

DSveh 6510 (12) DScpp 5812 (10)
DRyeh 10.8 £ 2.3 (9} DRcpp 11.0+£22 (10)
Anxiety (percentage open arm entries on the plus maze)

DSveh 155+ 8.6 (12) DScpp 74145 (10)
DRyveh 24073 (9 DRcpp 202+x7.6 (10)

Table 8. Plus maze performance 24 minutes after injections into the ventrolateral
caudate. In Experiment 5, vehicle or CDP was bilaterally injected into the ventrolateral caudate of
DS and DR mice. Results are mean + SEM. The number of mice tested is in parentheses. A

significant difference (p < 0.01) between DS performance and DR performance is indicated by a **.

Muscle Relaxation (percentage on forelimb grip strength)

DSveh 100.2 £ 4.1 (12) DScpp 106.1 £3.7 (10)
DRveh 99.0+2.0 (9) DRcpp 1004+ 3.6 (10)
Ataxia (percentage on accelerating rotarod performance) ***

DSveh 100.4+£79 (12) DScpp 107.0+7.7 (10)
DRyen 155.8+£10.2 (9) DRcpp 148.8 £ 14.8 (10)

Table 9. Results of injections into the ventrolateral caudate on muscle relaxation
and ataxia. In Experiment 5, vehicle or CDP was bilaterally injected into the ventrolateral caudate
of DS and DR mice. Results are mean + SEM. The number of mice tested is in parentheses. A

significant difference (p < 0.001) between DS performance and DR performance is indicated by a

* %%

There were no differences between the lines in sensitivity to any of the four
PTZ-induced seizures (Table 10): myoclonus [F(1,29) = 0.48; ns], face/forelimb
clonus [F(1,29) = 0.002; ns], tonic/clonic running and bouncing [F(1,28) = 1.00; ns],

and tonic hindlimb extension [F(1,24) = 0.11; ns]. There was also no effect of drug

106



infusion in either line. myoclonus [F(1,29) = 0.03; ns], face/forelimb clonus [F(1,29)
= (.42; ns}, tonic/clonic running and bouncing [F(1,28) = 1.76; ns], and tonic
hindlimb extension [F(1,24) = 0.16; ns]. No significant interactions were found:
myoclonus [F(1,29) = 0.03; ns], face/forelimb clonus [F(1,29) = 1.35; ns],
tonic/clonic running and bouncing [F(1,28) = 0.02; ns], and tonic hindlimb extension

[F(1,24) = 2.39; ns].

Myoclonus (PTZ mg/kg)
DSveh 433213 9 DScpp 427+19 9
DRveh 420+14 (7) DRCDP 419+ 13 (8)

Face and Forelimb (PTZ mg/kg)
DSVeh 49713 (9) DSCDP 509+2.2 (9)
DRVeh 524+34 (7) DRCDP 48.0+28 (8)

Running/Bouncing (PTZ mg/kg)
DSveh 61.2+5.6 (9 DScDp 55.9+23 (8)
DRveh 578358 A DRCDP 509+3.0 (8)

Tonic Hindlimb Extension (PTZ mg/kg)

DSveh 525+92 (7) DScpp 59819 (8)
DRveh 644+78 (7) DRCDP 52.1+£4.0 (6)

Table 10. Results of injections into the ventrolateral caudate on protection
against PTZ-induced seizures. In Experiment 5, vehicle or CDP was bilaterally
injected into the ventrolateral caudate of DS and DR mice. Results are mean + SEM. The

number of mice tested is in parentheses.
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Discussion

1.0 Overview of experimental results
1.1 Experiment 1

The average number of total entries on the plus maze was low in both DS and
DR mice five minutes after receiving vehicle injections into the amygdala (Figure 12).
The normal level of baseline activity (Courtney and Gallaher 1991; Courtney et al. in
prep.; Phillips and Gallaher 1992) is seen in Experiments 2, 4, and 5 (Figures 13, 15
and Table 8). Itis possible that both lines of mice were exhibiting freezing behavior in
Experiment 1 as a result of the injections and handling. Analysis of the data indicated
that this low level of locomotor activity was increased by CDP micro-injections in the
DR line, but not the DS line.

Other studies have found that freezing results from the presentation of a stressor
(Fanselow and Helmstetter 1988). Defeat stress has also been observed to decrease
plus maze exploration (Skutella et al. 1994). Additionally, freezing has been observed
following brief foot shocks. Systemic diazepam or direct injection into the BLA
attenuated this type of freezing behavior (Helmstetter 1993b). In a different study, rats
were presented a heated floor to which they previously had been exposed. Following
vehicle injections into the amygdala, the rats froze and avoided the floor. Midazolam
injected into the amygdala resulted in this avoidance response being attenuated (Harris
and Westbrook 1995a).

These studies are consistent with the explanation that the low locomotor activity
seen in Experiment 1 resulted from handling during the injection--a procedure which
was likely stressful to the subjects. Because of the potential for this problem, the mice

in this experiment were repeatedly exposed to the handling procedure prior to the
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injections and behavioral testing. Nevertheless, they did not become completely
habituated to this type of restraint.

Because CDP injections in the amygdala increased total entries in DR mice, the
most plausible explanation is that intra-amygdala CDP attenuated stress-induced
freezing. The increase in total entries seen after CDP injections into the amygdala of the
DR mice (Figure 12) is consistent with the results of the Helmstetter (1993a) who also
found an attenuation of freezing following a similar treatment in rats. The number of
total entries exhibited by the DR mice following intra-amygdala injections of CDP was
similar to the number normally seen after systemic vehicle treatments (Courtney et al. in
prep.). This indicates that the CDP treatment was reversing the stress-induced decrease
in activity, as opposed to directly increasing locomotor activity. The ability to reverse
stress-induced freezing was not seen in the DS mice, suggesting one important
difference between the two strains. That is, the amygdala mediates an attenuation of
stress-induced freezing in DR and not DS mice.

Increases in percent open entries is a standard measure of anxiolysis in this
paradigm (Lister 1987). Prior reports with rats suggested that the amygdala could
mediate this effect of BZs (Green and Vale 1992; Pesold and Treit 1995). However,
CDP injections into the amygdala did not significantly increase percent open entries in
either line, though there was a trend towards an increase in the DR mice.

Because the total number of arm entries was low, the variability in percent open
arm entries was high (Table 5). Because of the high variability, the power to detect
differences in the mice between vehicle and CDP treatment was very low. That is, the
ability to measure anxiolysis was minimal, and an anxiolytic effect may have been
missed. Therefore, the ability of the amygdala to mediate anxiolysis in DS and DR

mice was re-examined as described later in Experiment 2.
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Experiment 1 did not identify any other effects of intra-amygdala injections of
CDP. This indicates that the amygdala does not mediate (a) any muscle relaxant
effects, (b) any ataxic effects, (c) any sedative effects, or (d) any protection against
PTZ-induced seizures. The DS mice are very sensitive to the muscle relaxant effects
and ataxic effects of systemic BZs (Gallaher et al., personal comm.). Because of this
sensitivity, if the amygdala mediated these effects, they would likely be seen in this
line. Therefore it is unlikely that the amygdala mediates these effects in this or other
less sensitive lines of mice.

In addition, the DS and DR miice are sensitive to the seizure protective effect of
BZs. This robust effect of systemic BZs is not seen following localized injection.
Therefore, it is likely that the amygdala does not mediate seizure protective effects in
other lines as well.

There are three caveats to the first experiment. One, the variability in plus maze
performance was high because of the stress-induced freezing. Two, only the results of
bilateral injections were examined. Because of the low percentage of bilateral
injections, the numbér of subjects examined was low, thus decreasing the power to
detect any possible differences. Three, behavioral testing for seizure sensitivity
occurred 20 to 25 minutes following the micro-injection. Thus, it is possible that the
CDP diffused from the amygdala during this time, explaining the lack of any seizure

protective effects. Therefore, Experiments 2 and 3 were performed.

1.2 Experiment 2

In this experiment, plus maze testing began 24 minutes after CDP micro-
injection to avoid the effect of handling-induced freezing. Consistent with the
hypothesis that the amygdala does not mediate the locomotor activating effects of BZs,
there was no increase in total entries produced by BZ injection (Figure 13). This

supports the hypothesis that the increase in total entries seen in Experiment 1 was the
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result of an attenuation of freezing. The DR mice are very sensitive to the locomotor
activating effects of systemic BZs. If the amygdala was involved in mediating this
effect, it would have been produced in the DR mice in this experiment.

Intra-amygdala CDP resulted in an increase in the percentage of open arm
entries in DR mice. This anxiolytic effect was not observed in DS mice. Because
there was no difference between vehicle and CDP treatment in DS mice, this
strengthens the conclusion of Experiment 1; i.e. the amygdala is capable of mediating
the anxiolytic effects of BZs in DR mice but not in DS mice. Since the number of mice
was higher in Experiment 2, it is unlikely that the failure to find an effect of intra-
amygdala CDP infusion in DS mice is the result of a lack of statistical power.

The type of anxiolytic effect observed in Experiment 2 differs from Experiment
1. In Experiment 1, CDP appears to have reversed stress-induced freezing as opposed
to having increase the percent of open arm entries. It appears that the amygdala can
mediate two types of "anxiolytic” effects in DR mice. Alternatively, each of these two
measurements may reflect different behaviors representing the same underlying
phenomenon. Nevertheless, both experiments suggest that the amygdala can mediate a
difference in anxiolytic sensitivity between DS and DR mice.

Furthermore, the finding that a behavioral effect was observed 24 minutes after
micro-injection indicates that CDP remained in the injection area at least this length of
tme. Therefore, it is unlikely that the negative seizure effects were the result of
diffusion of the drug away from the injection site. To more carefully explore this issue,

seizure protective effects were reexamined in Experiment 3.
1.3 Experiment 3

The amygdala has a role in a number of types of seizure (During et al. 1992;

Gale 1992a; Gale 1992b; Handforth and Ackermann 1995; McNamara et al. 1984;
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Suzuki et al. 1994; Tietz et al. 1985), in particular "limbic seizures.” In Experiment 1,
four different seizure endpoints were evaluated: myoclonus, face-and-forelimb clonus,
tonic-clonic running and bouncing, and tonic hindlimb extension. There is evidence
that each of the seizure types are mediated by different anatomical areas (Gale 1992b),
and some of these seizures may involve the amygdala. However, the results of
Experiment 1 in this study suggested that the amygdala does not mediate protection
against PTZ-induced seizures (Figure 14). This conclusion included two seizure
endpoints which may involve the amygdala, myoclonus and face-and-forelimb seizures
(Gale 1992a; Gale 1992b).

However, in Experiment 1 seizure sensitivity was measured 20 to 25 minutes
after injection, whereas the behavioral effects on the plus maze occurred between 5 and
10 minutes following injection. It is feasible that the local concentration of CDP in the
amygdala may have decreased after 20 min, resulting in a loss of behavioral activity.
Because of this possibility, seizure sensitivity was tested in a separate group of animals
7 min after injection. Also, a larger number of subjects were tested to increase the
statistical power to detect any possible effects of CDP infusion.

Consistent with the results of Experiment 1, no protection against any of these
seizure types was again observed. Thus, although there are loci in the brain which are
capable of mediating the protective effects (King et al. 1987) (Zhang et al. 1989), the
results of these experiments strongly suggest that enhancement of GABAergic activity

in the amygdala does not protect against the seizures produced by systermic PTZ.

1.4 Experiment 4

The most robust demonstration of anxiolysis after injection into the amygdala
was found when testing was performed 24 min after infusion. It is possible that the
drug could havé diffused to another area. This locus, and not the amygdala, may be

responsible for the anxiolytic effects. The anatomical specificity of the injection was
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therefore examined. This test was performed by injecting CDP into the ventrolateral
caudate, at a site about 1.7 mm dorsal and anterior to the amygdala.

No anxiolytic effects were found after injection into this site (Figure 15). This
outcome suggests that the injections remained localized to the injection site. The results
also suggest that this area of the caudate is not involved in mediating the anxiolytic
effect of BZs, consistent with other studies of the caudate (Costall et al. 1989).

The caudate has a role in motor behavior. Therefore, it was possible that it may
have mediated either the locomotor activating effect (to which the DR are sensitive) or
the locomotor sedating effect (to which the DS mice are sensitive). Neither result was
observed in this study. Therefore, the caudate does not appear to mediate these other

effects of BZs.

1.5 Experiment 5

The ventrolateral caudate may mediate other effects of BZs. In particular, it has
been found that injections of RO 15-4513, an inverse agonist, into the caudate
attenuates the ataxic effects of systemic ethanol (Meng and Dar 1994). This compound
attenuates the opening of the chloride ionophore in response to GABA. It has also been
observed to diminish the effect of alcohol on GABAA receptors. This raises the
possibility that the caudate may mediate either sedative or ataxic effects of BZs.
Therefore, the role of the caudate in mediating a number of behavioral effects of BZs
was tested. The current results suggest that this area does not mediats any of the
behavior effects of BZs: muscle relaxation, ataxia, locomotor sedation, or protection
against seizures (Tables 8, 9, and 10). In addition, the finding of Experiment 4 that
injections of CDP into this locus do not produce anxiolytic or locomotor activating
effects was confirmed.

It is possible, however, that other areas of the caudate may mediate the ataxic

effects. The injections performed by Dar (Meng and Dar 1994) were in the dorsal

113



caudate in an area more anterior than that used in this study. More ventral and anterior
regions of the caudate, near the nucleus accumbens, may be involved in effects on
locomotor activity (Koob 1992). The injections used in this study were posterior to the
anterior commissure, and closer to the amygdala. The main purpose of Experiments 4
and 5 was to demonstrate the anatomical specificity of the amygdala injections.
Therefore caudal, ventrolateral sections of the caudate were evaluated. Examinations of
the dorsal caudate and other regions will occur in future studies. For further discussion
of the spatial and temporal resolution of micro-injections, see section 3.2 of the

discussion.

2.0 General Conclusions
2.1 Anxiolysis

Bilateral injections into the amygdala of DR mice resulted in both an attenuation
of stress-induced freezing 5 minutes after injection (Figure 12) as well as an increase in
the percentage of entries into the open arms 24 minutes after injection (Figurel3).
Neither of these effects were seen in DS mice. These experiments demonstrate that the
amygdala is capable of mediating anxiolytic effects in DR mice but not DS mice.

However, the current study does not address the influence of other
neuroanatomical areas which have been implicated in mediating anxiolysis (see
introduction, section 4.1). Though a role for the amygdala in potentially mediating this
difference has been established in this study, the possibility DR and DS mice may also
differ in other loci has not been excluded. Nevertheless, the stereotaxic surgery and
micro-injection techniques have been refined so that additional neuroanatomic areas can

similarly be examined.
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2.2 Ataxia

Injections of CDP into the amygdala did not produce ataxia in either line (Table
6). It has been proposed that the anxiolytic response may contribute to the relative
improvement observed in DR mice when tested for ataxia on the rotarod (Courtney et
al. personal comm.). That is, decreased anxiety could result in enhanced rotarod
performance. Because there was no alteration of rotarod performance in the DR mice,
however, the current results suggest otherwise. Anxiolysis produced by intra-
amygdala injections did not improve rotarod performance. The results of these
experiments suggest that the amygdala does not directly mediate the ataxic effects of
BZs, nor does it indirectly improﬂze rotarod performance through effects on anxiety.
Additionally, the ventrolateral caudate does not appear to mediate the ataxic effect of

CDP.

2.3 Muscle Relaxation

It is possible that some muscle relaxation produced by systemic BZs is
secondary to decreased anxiety. The assay used to detect muscle relaxation was
capable of detecting small changes in grip strength. Such changes were not observed
after intra-amygdala injections of BZs, however--even in the presence of anxiolysis,
indicating that muscle relaxation is not the result of anxiolysis (Table 6). The results
also indicate that other areas of the mouse central nervous system must mediate the
muscle relaxant effect of BZs. As injections into the ventrolateral caudate did not affect

grip strength, this locus is also not an area which mediates BZ muscle relaxant effects.

2.4 Locomotor activation
Surprisingly, injections of CDP into the amygdala also did not have locomotor
activating effects in either line (Figure 13). Although stress-induced freezing was

reversed in the DR line, the total number of open entries was only increased to previous
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baseline levels (Figure 12). When plus maze testing was performed 24 minutes after
injection, there was no evidence of CDP-induced activation.

It has been hypothesized that the anxiolytic effects of CDP after systemic
injections may be confounded by its locomotor activating effects. That is, increased
exploratory activity may result in an increase in the percentage of open arm entries,
independent of effects on anxiety (Dawson et al. 1995). However, because anxiolysis
was observed in the absence of locomotor activation, these two behaviors can reflect
separate behavioral and physiological effects of BZs. Although the DR mice are more
sensitive than DS mice to both effects after systemic injections, the amygdala only
mediates the anxiolytic effect and not the activating effect.

The results also suggest that if activity has been decreased by stress, BZs may
increase activity by attenuating this effect. In these instances, the amygdala may
mediate a type of locomotor activation. However the amygdala does not mediate the
high level of locomotor activation seen in DR mice following systemic BZ injections
(Courtney et al. personal comm.; Phillips and Gallaher 1992). Additionally, although
the caudate is involved in locomotor activity, the ventrolateral caudate does not mediate

either sediation or locomotor activation by CDP.

2.5 Seizure protection

The results of Experiments 1 and 3 demonstrate that the amygdala does not
mediate the ability of BZs to protect against PTZ-induced seizures (Table 7, Figure 14).
It is possible that higher doses of CDP in this area may have been necessary.
However, the concentration used was the highest possible, given the limited solubility
of CDP. This dose was capable of producing anxiolysis, and thus was having a
physiological effect in the amygdala. Because similar doses of systemic BZs produce
both anxiolysis and seizure protection, it is unlikely that a difference in the dose-

response curve in the amygdala is an explanation. Given the findings that BZs have
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antiseizure effects when micro-injected into other structures (King et al. 1987), it is
likely that BZs act in these locations and not the amygdala. This will need to be tested
in the DS and DR mice.

3.0 Methodological implications
3.1 Handling

In all experiments, the subjects were routinely handled following surgery and
before behavioral testing. This served two purposes: to maintain the patency of the
guide cannula, and to habituate the subjects to the handling procedure. Rats have been
similarly tested on the plus maze following intra-amygdala injections (Green and Vale
1992; Pesold and Treit 1994; Pesold and Treit 1995). In these procedures, the subject
was habituated to the handling procedure and was gently held during the intra-cranial
injection. Rats were observed to exhibit minimal restraint stress during the injection
procedure (C. Pesold, personal comm.), and freezing was not reported to occur in
these experiments. In neuroanatomical studies of anxiolysis, this difference between
rats and mice is a significant variable.

Handling history has implications for anxiolysis testing. For example, after 28
days of handling of rats, no anxiolytic effect of BZs on the plus maze was observed
(Brett and Pratt 1990). Other groups have also found that handling history can modify
the anxiolytic effect of BZs on the plus maze (Andrews and File 1993a). Handling
habituation has also attenuated the anxiolytic effect of BZ in other paradigms (Boix et
al. 1989). Furthermore, while diazepam affected 5-HT levels in the hippocampus,
cortex, and hypothalamus, this effect was not found in handling habituated subjects
(Boix et al. 1990). Handling habituation resulted in a 40% increase in GABA binding

(Biggio et al. 1984). These results indicate that handling can alter sensitivity to BZs.
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In addition, there may also be genetic differences in sensitivity to the effects of handling
(Brush 1991).

The mice used in these experiments were routinely handled during cage
changes, and this may have been involved in the development of differences in
sensitivity. Alternatively, the habituation to brief head immobilization may also have
played a role. That s, if the DS and DR mice are differentially sensitive to handling,
both types of handling could have been involved in the development of differences in
sensitivity to anxiolysis.

The mice may also differ in their sensitivity to the acute stress of the injection
procedure. Sham injections, and intraperitoneal injections are capable of affecting plus
maze performance (Lapin 1995). Inescapable shock and escapable shock also both
affect plus maze performance (Grahn et al. 1995), and acute stress can decrease
locomotor activity (Acosta and Rubio 1994). Aversive conditions and stress effects the
levels of endogenous BZs, and this effect may be influenced by genetics (Teruel et al.
1991). The brief immobilization of the head and insertion of the injection cannulae in
this study could have produced similar effects.

When tested 5 min after vehicle injection, both DS and DR mice exhibited
similar behaviors. There were no baseline differences in total entries or percent open
entries. That is, the injection procedure did not affect baseline behavior differently in
the two lines. However, the stress of injection may have affected sensitivity to BZs.
In particular, this may have rendered the DS mice insensitive to the anxiolytic effect of
CDP. This possibility has not been excluded. Nevertheless, regardless of the etiology

of the differences, the results suggest that they can be mediated by the amygdala.

3.2 Diffusion
The anatomic specificity of the intra-amygdala injections were evaluated by

bilaterally injecting a similar amount of CDP into a nearby structure, the ventrolateral

118



caudate. This area of the caudate, posterior to the anterior commissure, was chosen for |
two reasons. It was slightly dorsal and near (1.7 mm) to the amygdala injection site.
Also, it was not expected to mediate the anxiolytic effect of CDP. Because there were
no behavioral effects of injections into this structure, it was concluded that the results of
the intra-amygdala injection were not the consequence of CDP diffusing into other
locations near the amygdala. In other micro-injection experiments, this type of
anatomic control has been used to verify anatomic specificity. For example, mice were
able to discriminate 0.1 pL morphine injections from vehicle injections into the lateral
hypothalamus. Injections 1.1 mm distant were not effective (Cazala and David 1995).

Because behavioral testing on the plus maze was most successful when testing
occurred 24 minutes after injection, a more quantitative determination of the extent of
diffusional spread during this time is required. Additionally, for experiment five,
testing began 24 minutes after injection and was not completed until 40 to 45 minutes
after injection. Interpretation of the results of this experiment requires an evaluation of
the concentration of CDP remaining in the caudate over this time.

A few expeﬁments have been performed which indicate that micro-injections of
BZs remain within localized neuroanatomic areas over these time courses. For
example, 0.5 L of [3H]—methylclonazepam was injected into the substantia nigra.
After 30 minutes, the brains were removed and sliced. The slices were evaluated using
quantitative autoradiography (QAR). The tritiated BZ remained within a 0.4 mm radius -
over this time course (King et al. 1987). Therefore, BZs can remain in injection areas
for up to 30 minutes without extensive diffusion. In this case, the extent of diffusion
was smaller than the size of the rat substantia nigra. It is expected that the 0.5 pL
injections used in the five experiments of this thesis also remained similarly localized.

A study was performed in the 1960s using [14C]-methylmorphine sulphate

(Lomax 1966). Brains were removed and sliced various times after injection of 1.0 pL.
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into the hypothalamus (twice the volume used in the experiments reported in this
thesis). The slices were examined for radioactivity using liquid scintillation. It was
found that most of the methylmorphine sulphate remained within a radius of 0.6 mm,
even after one hour. While the concentration gradient of methyl-morphine flattened
over the course of one hour, the total radius of spread did not drastically increase. This

study is an early piece of evidence that micro-injected compounds remain within

localized areas.

Volume Time Radius

and Substance evaluated of diffusion  Reference

0.5 uL Clonazepam 30 min 0.4 mm (King et al. 1987)

1.0 uI. m-Morphine 60 min 0.6 mm (Lomax 1966)

0.33 uLL SCH23390 60 min 0.8 mm (Caine et al. 1995)

0.3 uL. DAMGO 40 min 0.7 mm (Bals-Kubik et al. 1993)
0.3 uL. U-69593 40 min 0.5 mm (Bals-Kubik et al. 1993)
1.0 uL U-69593 40 min 0.7 mm (Bals-Kubik et al. 1993)

Table 11. Diffusion following injection of radiolabeled ligands (0.3 to 1.0
pL). Radiolabeled compounds have been micro-injected into localized neuroanatomic areas
in a few studies. The approximate extent of diffusion of these substances is summarized

here.

Booth et al (Booth 1968) injected 1 pL of [3H]-norepinephn'ne into the lateral
hypothalamus. Using dissection, brain regions were removed and specific regions
were analyzed using liquid scintillation. These authors found that norepinephrine

diffused further than the methyl-morphine sulphate, though most of the norepinephrine
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remained within 2 mm of the injection site. In this study, the concentration curve
flattened between 10 and 20 minutes.

In another study, [3H- acetylcholine, norepinephrine, and serotonin were
injected into the hypothalamus (Myers et al. 1971). The brains were dissected after 35
to 40 minutes. Consistent with the other studies, the injected compounds remained
within the hypothalamus. A similar experiment was performed using either [3H]-Ro
15-4513 or [3H]-cyclohexyladenosine. Following brain dissection, it was observed
that injections into the striatum remained in the striatum after 30 minutes (Meng and Dar
1994).

A time course of diffusion has been evaluated for injections of various volumes
of [3H]-bicuculline (Yoshida et al. 1991). Five, twenty, and thirty minutes after
injection, brain slices were taken for QAR analysis . Three injection volumes were
used: 1.2 uL, 1.5 uL, and 2.0 uL.. The extent of diffusion gradually increased over
time. After 30 minutes, the 1.5 pL injection acquired a radius of about 1.5 mm. The
size of the injection also influenced the extent of diffusion. In all cases, the injectate
remained within a discreet area, the caudate.

The time course of diffusion was also evaluated for [3H]—SCH 23390 after
injection of 0.33 pL into the amygdala (Caine et al. 1995). Immediately after injection,
the radius was about 0.5 mm. After twenty minutes, this radius had increased to
approximately 0.7 mm, and after 60 minutes the radius was about 0.8 mm. Thus, over
the course of one hour, the extent of diffusion only gradually increased. The
concentration of the radio-ligand decreased over this time period. After one hour, the
concentration dropped to one fifth of the original concentration.

Other studies found similar results. Injections of [3H]-DAMGO (0.3 pL) were
confined to within 0.7 mm of the site of injection after forty minutes, while similar

volumes of [3H]-U-69593 remained within 0.5 mm of the injection site (Bals-Kubik et
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al. 1993). When a volume of 1.0 puL of [3H]-U-69593 was injected, it remained
within 0.7 mm of the injection site after 40 minutes. Similarly, Johnson et al (Johnson
et al. 1996) injected 0.3 pL of [3H]-dopamine into the core of the nucleus accumbens.
After twenty minutes, the dopamine remained within the nucleus accumbens. The
diffusion of these substances is again consistent with the probability that the CDP
injections in this experiment remained localized to the injection site over 45 minutes.

A number of early studies have examined larger injection volumes. The extent
of diffusion at various times after injection of 2.5 pL. [3H]-morphine into the thalamus
or the hypothalamus was analyzed. After 60 minutes, the morphine remained within 2
mm from the injection site (Schuben et al. 1970). Injections of a 5 pl volume of
tritiated dopamine remained within the striatum 25 minutes after injection (Fog and
Pakkenberg 1971). Three microliters of [3H]-thyroxine was injected into the brains of
rabbits, and the extent of diffusion was examined using QAR. The radius of spread
was between 2 and 2.5 mm (Harrison 1961). Thus, even with these large volumes, the
injected substances remain fairly localized.

Dye injections have also been used to examine diffusion. Myers (Myers 1971)
reported that after injection of several types of dyes (0.5 pL), the extent of diffusion
after 30-35 minutes was only 0.3 to 0.8 mm from the injection site. The extent of
spread depended upon the dye used. Injections of 1.0 pL resulted in diffusion of up to
1.1 mm from the injection site. Five different volumes were examined in this study
(0.5 to 4.0 uL). It was noted that the extent of diffusion most correlated with the size
of the injection. An analysis of fast green dye by Yoshida et al (Yoshida et al. 1991)
found that diffusion of this substance was approximately similar to diffusion of [3H]-
bicuculline. These studies are also consistent with the conclusion that the 0.5 pL

injections of CDP remained within the injected structures for at least 45 minutes.
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A number of other techniques have also been used to examine diffusion. Two
studies have examined the spread of lidocaine (Sandkuhler et al. 1987) (Fink and
Cairns 1984). Because lidocaine is able to block electrical stimulation of nerves, the
blockade can be used as a measure of the concentration of lidocaine. In one study,
stimulation of dorsal column fibers in the spinal cord was used to detect lidocaine. One
microliter was injected 1 mm from the stimulation site. Neural blockade was observed
within 2 minutes of injection, a maximal effect was seen at 23 minutes, and the effect
was gone by 90 minutes.

Because catecholamines fluoresce after glutaraldehyde fixation, several studies
have examined diffusion using this technique (Bondareff et al. 1970; Montgomery and
Singer 1969; Routtenberg et al. 1968; Ungerstedt et al. 1969). Flicker et al (Flicker
and Geyer 1982b) infused norepinephrine at a constant rate of 0.025 pL. per minute.
Infusion occurred for 10, 20, or 40 minutes. After one microliter had been infused
over 40 minutes, norepinephrine fluorescence was mainly found in a area limited to 0.1
mm from the infusion site. No infused norepinephrine was found 0.5 mm from the
infusion site. In this study, Evan's blue dye was also infused. In this case, a the dye
diffused 0.75 mm from the injection site after a 40 minute infusion.

HPLC measurements have also been used. Microdissections of the striatum
were used to measure the levels of micro-injected morphine. The concentration of
morphine in the striatum paralleled the time-course of its effects on EMG activity. Both
declined with a half-life of about 10 minutes (Melzacka et al. 1985).

One concern in diffusion experiments which has been raised is the difference
between lipophilic (eg. naloxone) and lipophobic drugs (eg. morphine). It has been
hypothesized that lipophilic drugs may leave the injection site more quickly (Schroeder
etal. 1991). Because lipophilic compounds can diffuse through the blood-brain

barrier, it is hypothesized that diffusion into the capillaries may account for a more
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rapid removal. There is some evidence for this. The hydrophilic compound methyl-
naloxonium remained in the hindbrain for a longer period of time than the more
hydrophobic naloxone (Schroeder et al. 1991). However, these levels were measured
by dissecting out brain areas rather than by using QAR. Therefore, the extent of spread
of the two compounds was not examined.

Computer models have been developed to evaluate diffusion (Lotrich and
Gallaher 1996). These indicate that highly lipophilic molecules will distribute into the
lipid membranes at the injection site, thus limiting the extent of diffusion. Itis
hypothesized that these compounds will only gradually be removed as the molecules
leave the membranes, cross through the extracellular space, and then exit through the
blood-brain barrier (Lotrich and Gallaher 1996). Thus lipophilic compounds will
remain in localized areas for relatively long periods of time. This conclusion is
consistent with the results of the studies reviewed above. Although it is difficult to
make comparisons between studies, the prior experiments suggest that more lipophilic
compounds remained more localized than the more hydrophilic compounds.

As predicted by Schroeder et al (Schroeder et al. 1991), highly lipophobic
compounds will remain in the brain because of inability to exit through the blood-brain
barrier. However, the computer model predicts that these compounds will diffuse to a
much greater extent than lipophilic compounds. Compounds of intermediate
lipophilicity are predicted to diffuse to a less extent than the lipophobic compounds.
However, they are also predicted to be removed from the brain more rapidly. Thus, the
concentration gradient of lipophobic substances is expected to flatten over time. And
substances of intermediate lipophilicity are expected to be removed through the blood-
brain barrier more quickly.

In conclusion, the results of these computer models as well as the results of

empirical studies suggest that the 0.5 pL injections of CDP used in this study are
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expected to remain for at least 45 minutes in a confined locus--less than one millimeter
from the injection site. The most similar study empirically measuring diffusion found
that a 0.5 pL injection of clonazepam remained within a 0.4 mm radius. This is
supported by the finding that injections into the nearby ventrolateral caudate did not
have a behavioral effect.

The exact extent of diffusion and loss of compound over time remains
undetermined however. The estimates of diffusion, preclude any claim that injections
were limited to any subnuclei within the amygdala. That is, although successful
infusions were made into the AL/ABL, CDP could have diffused into neighboring
amygdala nuclei as well (Figure 16). Therefore, the conclusions of this thesis are
limited to more general statements about the amygdala as a whole, rather than about

specific nuclei within the amygdala.

S g e

Figure 16. Relative size of the mouse brain to potential diffusion
diameters. A schematic of a coronal slice from the mouse brain at the level of the
amygdala is presented with two circdles indicating the distance of diffusion assuming either
spherical diffusion of 0.5 mm or 1.0 mm radius. Note that diffusion of even 0.5 mm can

involve multiple subnuclei within the amygdala (see also Figure 10).



3.3 Concentration of CDP

Each micro-injection consisted of 0.5 pL of 200 mM CDP. Therefore, 100
nmol of CDP were bilaterally infused. This or lesser amounts of micro-injected CDP
has resulted in behavioral effects in a number of experiments (Audi and Graeff 1984;
Hodges et al. 1987; Kataoka et al. 1982; Maier et al. 1994; Sullivan et al. 1989).
Because this and smaller amounts of micro-injected CDP were able to produce
behavioral effects in these experiments, this concentration was chosen for this thesis.
The concentration was also chosen because it is the amount which could be maximally
injected through the narrow injection cannulae.

Chlordiazepoxide (molecular weight 299.75 g/mole) is less lipid soluble than
many other BZs. Octanol/buffer partition coefficients for CDP and diazepam are 28
and 309 respectively (Greenblatt et al. 1983). In a more natural system,
synaptosome/buffer partition coefficients for CDP, clonazepam, and diazepam are 16,
30, and 79 respectively (Perillo et al. 1995). Because it is fairly lipid soluble,
systemically injected chloridazepoxide is rapidly concentrated by the brain--though not
as rapidly as diazepam (Van Der Kleijn 1969). The maximal brain concentration
following systemic injection of 25 g/kg and 50 g/kg CDP is 22 pg/g and 26.3 pg/g
respectively (Maleque and Ahmad 1977). These are typical maximal doses used in
behavioral experiments. The amount of CDP micro-infused in these experiments (100
nmol) was 30 pg. Assuming that the CDP remains within a 0.5 to lmm radius (0.5 to
4 pL of brain tissue), the concentration is well in excess of that achieved following
systemic injections.

CDP injection into the amygdala or into the ventrolateral caudate did not affect a
number of behaviors in several experiments in this thesis. It is possible that higher
concentrations would have affected these behaviors. However, this possibility is

unlikely. This injection concentration was chosen to be high (about a thousand fold
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higher than than achieved following systemic injections), increasing the likelihood of
producing an effect. Nevertheless, the possibility that higher concentrations could have
produced different effects has not been completely excluded. This could only be
accomplished with more hydrophilic or more potent ligands, to allow greater
concentrations in the infusion solution. CDP is not as potent as many ligands at the BZ
receptor. The ICS0 for inhibition of diazepam binding is 352 nM, as compared to
diazepam and midazolam which are 8.1 nM and 4.8 nM, respectively (Haefly et al.
1985). Nevertheless, saturation of BZ receptors is expected at the concentration used

in these experiments.

3.4 Unilateral infusions.

Only successful bilateral infusions were included for analysis in this study. A
number of subjects received an infusion into one amygdala and the other infusion into a
nearby area (the cortex, the caudate or globus pallidus, etc.) Although these subjects
could be grouped into a "unilateral injection" group for analysis, in reality each subject
received a different treatment, making interpretation difficult. There is variation
between subjects in performance on the plus maze. Therefore, analyses of the
behavioral effects of infusions require pooling of similarly treated subjects and
subsequent comparison between treatment groups. For this reason, the results of
unilateral injections could not be evaluated.

The unintentionally "missing" infusions were into several different structures of
unknown relevance to anxiolysis or the other behaviors. Additionally, the "misses"
were of varying distance from the intended injection site. Some "misses” may have
potentially diffused back into the amygdala. Both the injections into differing nuclei, as
well as injections at differing distances from the AL/ABL add layers of interpretive

difficulty. For example, does an amygdala infusion combined with a contralateral
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temporal cortex infusion result in anxiolysis? Or is the unilateral infusion sufficient for

anxiolysis? These possbilities could not distinguished in these experiments.

3.5 Statistics

The results of these experiments were analyzed using two-way ANOV As.
Post-hoc, paired comparisons were then made using Scheffe's S test. The results
could also have been analyzed using available a-priori multiple comparison procedures.
For example, comparisons between treatment groups could have been made using
Holm's , Dunn's , Dunn-Sidak's test. Of these procedures, Holm's test is the most
powerful. That is, it is less likely to make type II errors. Each of these tests holds the
familywise type I error rate at less than o.. This is done by modifying the o used for
each planned comparison (Kirk 1995).

By using the two-way ANOVA, however, the significance of the interaction
between line and drug could be more easily determined. This statistic indicates whether
CDP had a greater effect in one line than the other. This evaluation was of interest in
this study, but could not have been performed using standard a-priori planned
comparisons. Thus in order to evaluate the interaction, some loss of power was
justified. Additional comparisons were then be made using Scheffe's S test, which is

robust to unequal n's.

4.0 Possible mechanisms of genetic difference in sensitivity to
anxiolysis
An anxiolytic effect was found in DR mice and not in DS mice after injection of

CDP into the amygdala. There are many potential reasons for this.
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4.1 Differences at the BZ receptor

It is possible that the DR mice have a greater number of BZ receptors in the
amygdala than the DS mice. Alternatively, the receptors in this locus may have a higher
affinity for BZs. However, using whole brain assays, no difference in affinity (kD) or
density (Bmax) of receptors have been found in DS and DR mice (Allan et al. 1988).
Differences in flunitrazepam binding were also examined using quantitative
autoradiography. Again, no differences between DS and DR mice were found
(Gallaher et al. 1991). These results suggest that the number and affinity of receptors
may not be an explanation for the differences between DS and DR mice.

Although no differences in the density of BZ receptors have been found
between DS and DR mice, genetic differences in BZ binding densities have been
observed in other studies. For example, BALB mice have fewer cortical BZ binding
sites than C57/BL, AKR/J, or ICR mice, and diazepam potentiation of CI- flux was
decreased in BALB mice. BALB mice also exhibited more "emotionality” in the open
field than the other strains. That is, they defecated and froze more often (Mihic et al.
1992). These results suggests that cortical BZ binding may be associated with the level
of baseline "emotionality.”

Consistent with this, outbred mice have been divided into anxious and
nonanxious groups depending upon their baseline performance on the plus maze.
Anxious mice ventured into the open arms less frequently. Cortical BZ binding was
examined in these mice, and it was found that anxious animals had lower BZ binding
than nonanxious animals (Rago et al. 1988).

Both genetic and environmental factors can influence the density of receptors,
and these binding differences may have been the result of either genetics and/or
environment. For example, postnatal handling decreased baseline anxiety, and this was

correlated with changes in the density of BZ receptors (Teruel et al. 1991). However,
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the results of the studies by Rago et al. and Mihiic et al. are consistent with the
suggestion that cortical BZ binding is associated with baseline differences in anxiety-
related behaviors.

Rats have also been grouped into anxious or nonanxious animals based on
baseline plus maze performance. Again, anxious rats were found to have a decreased
number of BZ receptors in the cortex. Decreased binding was also found in the
hippocampus (Harro et al. 1990). Genetic susceptibility to hypertension has also been
associated with lower GABA binding. In this case, the lower binding was observed in
the hypothalamus and the amygdala (Kunkler and Hwang 1995). These studies
collectively suggest that differences in the BZ binding are associated with differences in
the baseline level of anxiety, and perhaps spontaneous hypertension.

In summary, although BZ receptor density may be associated with baseline
measures of anxiety, the prior studies with DS and DR mice suggest that differences in
BZ binding do not correlate with differences in anxiolytic sensitivity to BZs. In
support of this, LS mice are more sensitive to the anxiolytic effects of diazepam on the
plus maze than SS mice, and no differences in cortical BZ binding have been found in
these lines (Stinchcomb et al. 1989). Thus, differences in sensitivity to BZs may not
be a function of variability in BZ binding.

Another possible explanation for the difference in anxiolytic sensitivity between
DS and DR mice is that BZs are more efficacious at the amygdala receptors in DR mice.
Differences in efficacy have been found to be independent of differences in affinity or
density. For example, chronic treatment with BZs can affect the ability of BZs to
enhance GABA-stimulated CL- flux without affecting binding (Hu and Ticku 1994).
Consistent with this hypothesis, BZ's were found to have more efficacy in DS mice
than DR mice in enhancing chloride flux in cortical synaptosomes (Allan et al. 1988).

However, this explanation is more consistent with higher sensitivity of DS mice to the
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ataxic and sedative effects of BZs. It may be that the réceptor types in the amygdala
differ such that BZs are more efficacious at enhancing amygdala chloride flux in DR
mice. This remains to be determined.

There are a number of mechanisms which could produce differences in receptor
efficacy. (A) A point mutation may result in differences in efficacy. For example, a
naturally occurring point mutation has been discovered in the a6 subunit of the BZ
receptor in rats. This subunit which is expressed in the granule cells of the cerebellum
is associated with increased sensitivity to the ataxic effects of ethanol (Korpi et al.
1993; Korpi and Seeburg 1993). Point mutations in other & subunits have been
observed, in vitro, to affect affinity for BZs (Sigel et al. 1992). Additionally, point
mutations have been discovered in the Y2 subunit which affect the efficacy of BZs
(Mihic et al. 1994).

(B) Splice variations in the subunits can also affect efficacy. Differential
splicing of the ¥2 subunit into long or short forms is capable of altering the efficacy of
ethanol at the receptor (Wafford et al. 1991). In different neuroanatomical regions, the
proportion of BZ receptors with splice variants of this subunit varies (Wang and Burt
1991). Alternate splicing of the a6 subunit has also been observed to affect receptor
function (Korpi et al. 1994). The B3 subunit is also differentially spliced in various
brain nuclei. The functional consequences of this are not known (Kirkness and Fraser
1993). The DS and DR mice may differ in the splicing of some subunits which then
results in differences in efficacy of BZs in different nuclei.

(C) A BZ receptor/chloride ionophore is comprised of a number of subunits.
There are an estimated 800 different types of functional combinations of subunits which
are possible in the brain (Yeh and Grigorenko 1995). Various compositions of these
subunits results in receptors with different functional attributes (Costa and Guidotti

1996; Doble and Martin 1992). One difference between DS and DR mice could be in
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the proportidns of different subunits in different receptors in various neuroanatomical
areas. This could be evaluated with detailed in siru hybridization studics or subunit-
specific antibody binding studies.

(D) Phosphorylation affects the function of BZ receptors. PKCy can
phosphorylate BZ receptors to produce functional consequences (Valenzuela et al.
1995). PKA can also phosphorylate various subunits in receptors producing changes
in function (Moss et al. 1992; Tehrani and Barnes 1994). There is evidence that
differences in phosphorylation of the BZ receptor may affect seizure sensitivity
(Tehrani and Barnes 1995). Differences in the levels of phosphorylation could produce
differences in BZ receptors in DS and DR mice.

(E) BZreceptors are also differentially glycosylated. For example, the o5
subunit was found to have different degrees of O-glycosylation (Sieghart et al. 1993).
It is possible that glycosylation may have functional consequences, and the DS and DR
receptors may have different types of glycosylation.

(F) The lipid micro-environment may also influence the function of BZ
receptors (Koenig and Martin 1992). If the composition of lipids in the membranes in
DS and DR mice differ, this may contribute to differences in sensitivity.

(G) Other ligands at the ionophore may affect the binding and efficacy of BZs.
For example, S-adenosylhomocysteine was found to inhibit the binding of
flunitrazepam. It is possible that this or a related compound may bind to the BZ
receptor site (Tsvetnitsky et al. 1995). Conversely, the amino acid 1-lysine is capable
of enhancing the binding of diazepam at the BZ receptor (Chang and Gao 1995). If the
DS and DR mice differ in the amount of these and related compounds at the synapse,
then this may be a factor in the sensitivity differences which exist.

Neurosteroids can also affect the function of the BZ receptor. It is possible that

various levels of these can affect the sensitivity to BZs. It is also possible that there is a
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genetic influence on the sensitivity of various receptors to neurosteroids (Finn et al
1997). Differential activity of the steroids at these receptors could influence sensitivity
to exogenously administered BZs.

(H) A peptide has been discovered, diazepam binding inhibitor (DBI), which
may endogenously act as an inverse agonist at the BZ receptor (Barbaccia et al. 1990;
Ferrarese et al. 1989). Using in situ hybridization, mRNA for this compound has been
observed in non-neuronal cells (Alho et al. 1990; Alho et al. 1991; Slobodyansky et al.
1992; Tong et al. 1991), though the peptide has been observed to colocalize with
GABA in axon terminals (Costa 1991; Costa and Buidotti 1991). A number of
treatments, including stress and chronic BZ treatment, can alter the level of this
compound (Ferrarese et al. 1993; Ferrarese et al. 1991; Gavish et al. 1992). It is
possible that endogenous levels of DBI may compete with exogenously administered
BZs. DBI is most concentrated in the hypothalamus, the amygdala, the cerebellum,
discreet areas of the thalamus, hippocampus, and cortex. Different levels of this
compound may be present in different areas in DS and DR mice. This would influence
sensitivity to BZs.

() Differences in the level of GABA in the synaptic cleft may also influence
sensitivity to BZs. BZs only augment the chloride flux elicited by GABA. They do not
result in flux in the absence of GABA. Therefore, the effect of BZs at the receptor may
depend on the presence or absence of GABA. If there is no GABA, then BZs will have
no effect. Alternatively, if GABA is being maximally effective, then BZs will again
have no effect. A number of possible factors could influence levels of GABA
(Remiszewska et al. 1992).

(J) The type of cells in which of BZ receptors are located may also influence
their function. There is evidence that GABAA receptors with flunitrazepam-specific

binding exist on glial cells (Bureau et al. 1995; Fraser et al. 1994). The function of
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these receptors is expected to be different from receptors on neuronal cells. The DS
and DR mice may differ in the distribution of receptors between glial and neuronal
cells. These could have an influence on sensitivity.

(K) The location of receptors on cells may also influence their function. Using
immunohistochemistry, it has been found that receptors with different subunits exist in
different sections of the same neuron (Baude et al. 1992; Nusser et al. 1995). Itis
possible that the routing of particular subunits to various neuronal areas may be

different in DS and DR mice. This could influence the functional sensitivity to BZs.

4.2 Differences in neural circuitry.

The amygdala is probably involved with other neuroanatomic areas in
influencing anxiety-related behaviors. It is possible that downstream sites to which the
amygdala projects may differ in the DS and DR mice. Therefore, inhibition of the
amygdala by BZs may have similar electrophysiological effects in the amygdala, but
downstream effects may differ.

For example, the electrophysiological activity of neurons in the bed nucleus of
the stria terminalis (BNST) in response to medial amygdala stimulation can be altered
by adrenalectomy (Sanchez et al. 1995). Adrenalectomy may have altered the BNST
neurons without altering the amygdala. Similarly, genetic differences in the DS and DR
mice might have resulted in differences in areas to which the amygdala projects, rather
than the amygdala itself.

One possibility is suggested by the finding that the level of nitric oxide may
influence sensitivity to anxiolysis (Quock and Nguyen 1992). Thus, differences in the
synthesis of this molecule may influence sensitivity. Additionally, naloxone can block
the anxiolytic effect of BZs (Agmo et al. 1995). Therefore, downstream opioid sites
may be involved in the differences seen in the DS and DR mice. Different levels of

various neurotransmitters or their receptors--such as nitric oxide or endorphin--may be
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involved in the differences in sensitivity to BZs. These differences may be downstream

from the effect of BZs at their own receptors.

4.3 Miscellaneous contributions to genetic differences

Some of the genetic differences in the DS and DR mice may not be directly
related to the BZ receptor. For example, protein malnutrition in early life results in
changes in plus maze exploration and decreased sensitivity to the anxiolytic effect of
diazepam on the plus maze (Almeida et al. 1988). The decreased sensitivity of DS mice
to the anxiolytic effects of BZs may be mediated through a parallel mechanism.

Differences in hormone levels or sensitivity to various hormones in DS and DR
mice may also indirectly influence receptor function. For example, exposure to various
hormones resulted in alterations in the expression of specific BZ subunits in specific
areas of the hippocampus. The precise subunits which were affected depended on the
region examined and the hormone given (Weiland and Orchinik 1995).

These dietary or hormonal effects may be involved in causing changes in the BZ
receptors. Alternatively, the effects may be involved in several possible downstream
effects. Varability in these effects would be the result of allelic variation in number of

genes not directly related to BZ receptors.

4.4 Other genetic differences in the amygdala

Other experiments have found genetic variability in the effect of intra-amygdala
injections. RHA rats were bred for high avoidance performance in an active two-way
avoidance task. RLA rats were bred for low avoidance in this task. Injection of
vasopressin into the central amygdala nucleus (CEA) of the RHA rats did not affect
their response to a conditioned emotional stressor. The stressor was a probe which had
been previously paired with a shock. However, injection of vasopressin into the CEA

of the RLA rats enhanced bradycardia and immobility in response to the stressor
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(Roozendaal et al. 1992). Thus the amygdala appears to mediate vasopressin-
enhancement of freezing in RLA rats and not RHA rats.

Similar results were found with norepinephrine infusions. Intra-amygdala
injections of norepinephrine enhanced freezing the RLA rats, but enhanced burying
behavior in RHA rats (Roozendaal et al. 1993). Therefore, there was an anxiogenic
effect of norepinephrine infusion in both lines. However, the behavioral expression of
"anxiety" was different between the lines.

High responders (HR) and low responders (LR) were chosen from outbred
Wistar rats. These mice exhibited large increases (HR) or no increases (LR) in
locomotor activation in response to a novel environment. Both lines exhibited high
levels of neophobia--based on their avoidance of novel rat chow in novel environments.
Propranolol, a beta-adrenergic antagonist, reduced neophobia in HR but not in LR rats
when injected into the AL/BLA. This suggests that the amygdala is more sensitive to
the anxiolytic effect of adrenergic antagonism in HR rats. Conversely, a beta-
adrenergic agonist decreased neophobia in LR rats but not HR rats (Roozendaal and
Cools 1994). This suggests that the amygdala of LR rats is more sensitive to
anxiolysis induced by this class of drugs. Thus, there is evidence in other genetically
different lines or rodents that the amygdala can be involved in mediating differences in
sensitivity to varying classes of drugs.

The DR mice had a higher baseline level of locomotor activity than DS mice.
They were also more sensitive to the anxiolytic effects. This is homologous to the
findings in the HR and LR rats., suggesting that there may be a relationship between
activity levels and susceptibility to anxiolysis for a variety of anxiolytic treatments.
This hypothesis requires experimental testing for verification.

Nevertheless, these studies suggest that a number of related functions of the

amygdala are influenced by genetic differences. In these other experiments, the ability
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of the amygdala to mediate the effects of a number of drugs has been correlated with
genetic and behavioral differences. Further exploration of these differences will be

valuable in understanding its role in anxiety.

5.0 Amygdala projections

The involvement of the amygdala in the potentiated startle paradigm has been
extensively studied (Davis 1992). It has been demonstrated that projections from the
amygdala to the nucleus reticularis pontis caudalis are involved in the augmentation of
the startle reflex, a model of "fear.” Additionally, it has been hypothesized that
projections to the lateral hypothalamus are involved in sympathetic activation,
projections to the dorsal motor nucleus of the vagus are involved in parasympathetic
activation, projections to the ventral tegmental area are involved in activation of the
dopaminergic system, projections to the locus coeruleus activate the adrenergic system,
projections to the dorsal lateral tegmental nucleus activate the cholinergic system, and
projections to the central grey mediate freezing responses (Davis 1992). Itis possible
that the projection to the central grey from the amygdala may be more sensitive to BZs
in DR mice than in DS mice. This could explain the finding that intra-amygdala
injection attenuated the freezing response in the DR mice but not the DS mice.
However, it is possible that projections to others areas such as the locus coeruleus or
the nucleus accumbens may also be involved in regulating motor activity in response to
aversive situations. These multiple possibilities require testing.

For example, are their differences in firing rates of dPAG, dorsal raphe, or
ventral tengmental neurons following intra-amygdala infusions in DR and DS mice? If
differences were observed, they would be strongly implicated in the anxiolytic
differences between these lines, and consequently in the circuitry of anxiety.

Alternatively, are their differences in turnover of serotonin or dopamine between DS
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and DR mice in various brain areas such as the hippocampus or frontal cortex following
intra-amygdala BZ injections?

In addition to direct influences on adrenergic, cholinergic, and dopaminergic
systems, the amygdala also has projections to the central grey, various hypothalamic
areas, and the entorhinal cortex (Pratt 1992). Lesions of these latter areas have
implicated them in the circuitry of anxiety. Itis possible that projections to one or all of
these areas may influence avoidance of open arms. For now, the projections from the
amygdala which may mediate increases in the percent of open arm entries is not known.
The difference observed between the DS and DR mice provides an excellent model for
testing these possbilities.

A hypothesized circuitry (Figure 17) based on a modification and extension of
the Papez circuit has been proposed by Pratt (1992). Anxiety is hypothesized to arise
as a result of the operation of this interconnected network of nuclei. The exact
relationship between each of the neuroanatomic areas is left undefined in this schematic.
It is likely that the amygdala directly interacts with several other areas than those
identified in Figure 17. Nevertheless, it is likely that the behavioral observations in
anxiety paradigms such as the plus maze are the result of the interaction of numerous

areas such as those depicted.
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Figure 17. Possible circuitry involved in anxiety. The amygdala has connections

with a limbic network. Both lesioning and micro-injections have implicated these structures

in anxiety. This figure has been adopted from Pratt (1992)..

An alternative model has been proposed by Graeff et al (1993). This model
concentrates more heavily on the amygdala projections to the dPAG and dorsal raphe
nucleus, implicating them in anxiety. This proposed circuitry also involves projections
from the dorsal raphe nucleus to the dPAG and back to amygdala. In this model, the
amygdala evaluates dangerous contexts in conjunction with the hippocampus. Then
when threat is determined, the dPAG is activated by the amygdala, and the dPAG then
coordinates the appropriate responses; for example, freezing and avoidance. Activation
of the dorsal raphe nucleus is hypothesized to inhibit the dPAG, while further activating

the amygdala. That is, subjects engage in "anxiety” behaviors other than freezing.
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This may modulate the behavioral pattern which is produced by anxiety-provoking
situations; for example, freezing or open arm avoidance.

A model proposed by Gray (1982) involves a behavioral inhibition system
which is primarily controlled by interactions of the hippocampus and septum. In the
face of punishment or decreased reward, associated behavior is attenuated. It is
possible that the amygdala may modify this system. Anxiety would reflect a change in
the state of this system when danger activates the amygdala.

Of course, the exact circuitry is unkown. However, it is expected that
sensitivity to the effect of BZs on the circuitry involved in open-arm avoidance will be
greater in DR mice than in DS mice. This expectation can therefore be utilized to
examine the physiology of other brain areas following intra-amygdala BZ injections in
DS and DR mice. Examination of the effect of BZs on different circuits in these two
lines may offer a clue as to which connections of the amygdala are, in fact, involved in
plus maze behavior. Continued evaluation of the amygdala differences in the DR and

DS mice may lead to answer to this question.

6.0 BZ receptors

Evidence obtained in this study indicates that different neuroanatomic areas
mediate different effects of BZs. One purpose of this project has been to initiate a
larger project of delineating which areas are involved in which behaviors. Concurrently
in other labs, a number of other techniques are being used to identify which receptor
subtypes are in particular areas. This information will be of use in understanding the
biology underlying specific effects and in designing more specific therapies. The
localization of particular subunits in BZ receptors to specific loci is also being combined
with information regarding regional differences in binding and efficacy of various BZ

ligands. Furthermore, differences in potency and efficacy of various ligands on
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behavior is being combined with knowledge about differences in potency and efficacy
at specific receptor subtypes. This information will be valuable in evaluating the role of
particular neuroanatomic loci in particular behavior effects. A brief review of these
studies is presented to provide a perspective on how the functional studies of

neuroanatomy will interact with studies of receptors subtypes and receptor localization.

6.1 Receptor localization and receptor types

Using in situ hybridization, a number of brain regions have been examined for
the expression of 13 different subunits (Araki et al. 1992; Wisden et al. 1992).
Immunohistochemistry has also been used to directly assess the level of differing
subunits in various areas (Benke et al. 1991¢; Hartig et al. 1995; Thompson et al. 1992;
Zimprich et al. 1991). Using both techniques, various neuroanatomic areas were
demonstrated to express different levels of these subunits. Immunohistochemistry is
also capable of determining the location of specific subunits on certain cell types in
specific areas. For example, in the dorsal raphe nucleus, serotonergic neurons
predominantly express receptors with the &3 subunit while GABAergic neurons
express both the a3 and al (Gao et al. 1993).

Although the imaging studies determined the levels of the subunits in various
neuroanatomical areas, the composition of the actual receptors in the areas has not been
resolved. Immunoprecipitation can be used to isolate receptors from various brain
areas, and this technique is currently being used for this purpose. This technique
requires antibodies which have been created for specific subunits. These are used to
isolate receptors containing specific subunits. One early study using this technique
found that 63% of benzodiazepine receptors contain the al subunit. Receptors
containing the &3 subunit came from a separate population of receptors (Benke et al.
1991a). In another study, deglycosylated receptors containing the a3 subunit came in

three separate molecular sizes indicating that this subunit occurs in at least three
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different receptor types (Buchstaller et al. 1991). A number of different types of a
subunits can co-occur in the same receptors, though most receptors contain the ¢l
subunit (McKernan et al. 1991).

One study has precipitated receptors containing a1, a2, o3, oS, $2,3, ¥2, or &
subunits. At least 12 different types of receptors, with different combinations of
subunits, were verified to exist in the brain. Again, the most common receptor
contained the ol subunit. Other o subunits were found in discreet cell populations.
Five combinations apparently lacked beta subunits and were minor populations
(Fritschy and Mohler 1995). One interesting finding of these studies was that splice
variants can co-occur in the same receptors. For example the long and short form of
the Y2 subunit can co-exist in the same receptor. However, this depended upon the
brain region examined (Khan et al. 1994). As these studies proceed, the composition
of receptors found in various brain regions will be determined. When the function of
BZs in these brain regions is resolved, the behavioral effect of ligands specific for
certain receptor types will be predictable. Thus, intrepreting the functional importance
of the difference molecular subtypes will be assisted by an understanding of the role of

the neuroanatomic nuclei in which the subtypes are found.

6.2 Regional differences in BZ receptors

Consistent with the findings that various loci in the brain contain different types
of receptors, a number of studies have found that some ligands havc different binding
affinities in different brain regions (Luddens et al. 1995; Sieghart and Schlerka 1991).
For example, zolpidem inhibition of flunitrazepam has been examined using QAR.
Scatchard analyses of this data resolved three different binding sites for this ligand.
The percentage of each of these sites varied between neuroanatomical regions
(Benavides et al. 1993). High affinity zolpidem binding was found in areas of the

brain which are rich in a1, B2, and 2 subunits (Criswell etal. 1993). Clonazepam
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only bound to 60% of the receptors in the striatum to which diachém bound, and less
than 20% of such receptors in the spinal cord (Massotti et al. 1991). These binding
differences may be important factors in the different behavioral effects of these
compounds (Guidotti et al. 1990).

A number of other regional differences exist in the GABA ionophores. These
differences may reflect regional variation in the existence of subtypes of the receptors.
For example, there are differences in various brain regions in the ability of bicuculline
to affect TBPS binding (Peris et al. 1991). Also, steroids have been observed to
increase TBPS binding in some regions of the brain, decrease it in some, and have
biphasic effects in others (Sapp et al. 1992). Regional variation has also been found in
enhancement of BZ binding by pentobarbital (Carlson et al. 1992) and enhancement of
BZ binding by steroids (Friedman et al. 1993). The ability of zolpidem to enhance
GABA binding to its receptor also varied, depending on the region examined (Ruano et
al. 1993). The ability of ligands to affect GABA or TBPS binding may relate to their
functional ability to enhance chloride flux. Therefore, these findings indicate that the

various brain regions have functionally distinct receptors.

6.3a Ligands with specific behavioral effects

A number of ligands at the BZ receptor have relatively specific behavior effects
(Chen et al. 1996; Gardner 1992). For example, RP59037 and RP60503 are two new
compounds which act at the BZ receptor site. Both are anxiolytic in conflict tasks and
the plus maze. And both are also capable of protecting against PTZ-induced seizures.
However each produces little sedation or myorelaxation (Doble et al. 1993). Other
studies have found that while diazepam, bretazenil, and Ro42-8773 have anxiolytic and
seizure protective effects, only diazepam results in anterograde amnesia in a passive

avoidance task (Martin et al. 1993).
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F2692 is another Hgand which is reported to have only anxiolytic effects, with
little anticonvulsant, sedative, myorelaxant, or amnesic effects (Assie et al. 1993).
Apigenin, a naturally occurring substance, acts at the central BZ receptor and has
anxiolytic effects but no anticonvulsant effects (Viola et al. 1995). Even when two
drugs such as diazepam and temazepam affect a number of behaviors, the potencies are
different. Tetrazepam has 1/6th the potency of diazepam for anxiolytic effects and
1/70th the potency for causing LORR (Keane et al. 1988). This suggests that they may
have different potencies at different receptor types.

Different types of anxiolytic tasks are also differentially sensitive to various
ligands. For example, bretazenil and ZK95962 both increased punished exploratory
activity in a four-plate paradigm in mice. However both had weak anxiolytic activity on
the plus maze (Jones et al. 1994). Diazepam, midazolam, zolpidem, alpidem,
clonazepam, alprazolam, and bretazenil all had anti-conflict effect in a Vogel paradigm.
However if conflict was enhanced by co-administration of PTZ, only clonazepam,
alprazolam and bretazenil suppressed this enhanced conflict effect. Interestingly,
clonazepam and alprazolam are also uniquely capable of treating panic disorders, unlike
the other BZs (Giusti et al. 1991).

Abecarnil is a ligand which was found to be relatively specific for reducing
anxiety in animal models. This compound is currently being examined in humans as a
treatment for generalized anxiety disorder (Cooper and Green 1993; Cooper and
Greenwood 1992; Duka et al. 1993; Knoflach et al. 1993; Sanger et al. 1994; Spencer
and Benfield 1995; Stephens et al. ). The ability of abecarnil to produce anxiolysis
while antagonizing the LORR effect of BZs suggests that abecarnil is an agonist at

some receptor types, while it is a partial agonist or antagonist at others (Stephens et al.

1990).
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The differential effects of other compounds may be species dependent however.
For example, DN-2327 is sedative in humans though it is not sedative in animal models
(Suzuki et al. 1995). This may indicate that there are important species differences in
the effects of different ligands at particular receptor subtypes. This will be an
important consideration as new compounds are developed and considered for use as
specific treatments. The genetic differences between the DS and DR mice also indicate

that within species variation may also influence the "specificity" of BZ ligands.

6.3b Ligand efficacy at different receptor types

There are functional differences for a number of ligands at the BZ receptor
subtypes, and these can be associated with their variation in behavioral potencies (Costa
and Guidotti 1996; Doble and Martin 1992). For example, bretazenil is less
efficacious than diazepam in enhancing chloride flux in receptor combinations having a
¥2 subunit, regardless of the alpha or beta subunit. However bretazenil is equivalent to
diazepam in receptors with y1 or.y3 (Puia et al. 1992). These different efficacies at
different receptor types may be associated with its different behavioral profile.
Zolpidem is more potent and efficacious than diazepam in inhibiting the firing of
substantia nigra reticulata cells (Mereu et al. 1990). However diazepam is more
efficacious than zolpidem in enhancing cortical chloride flux (Biggio 1989-TBE).

A number of studies have examined the different efficacies of ligands in
receptor subtypes in vitro (Facklam et al. 1992; Herb et al. 1992; Im et al. 1993; Puia et
al. 1992; Sigel et al. 1992; Wafford et al. 1993) (Puia et al. 1991; White and Gurley
1995). In each of these studies, the subunit composition of the BZ receptor greatly
affected the function of the ionophore. As the contribution of different subunits to
sensitivity to various BZ receptor ligands is resolved, the variation in behavioral effect

of different ligands will be determined. This knowledge can then be combined with
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what is discovered about the neuroanatomic locations of receptors types and the
neuroanatomic locations in which BZs produce various behavior effects.

In summery, a number of projects are proceeding in parallel to understand the
complexity of BZ effects. (a) The subunit composition of receptors in various loci is
being determined, (b) the efficacy and potency of differing ligands at different types of
receptors is being determined, (c) the the efficacy and potency of differing Li gands in
affecting various behaviors is being determined, and (d) the role of differing anatomic

loci in various behaviors is being determined.

7.0 Genetic implications of DS and DR differences

An analysis has been performed with a set of recombinant inbred mice. These
mice consist of several inbred strains which were created from crosses between C57/Bl
and A/J mice. The strains created from this cross were tested for (a) light/dark
exploration, (b) the anxiolytic effect of diazepam in a light/dark model, and (c)
sensitivity to convulsant effect of b-CCM, an inverse agonist. Two genetic markers
were highly associated with sensitivity to the anxiolytic effects of diazepam: Xmv-41,
and D10Mit2. This suggest that genes in these regions influence sensitivity to
diazepam-induced anxiolysis. Different chromosomal areas were associated with
baseline performance and seizure susceptibility (Mathis et al. 1995).

The DS and DR mice exhibit genetic differences in sensitivity to anxiolysis. It
is possible that similar genes may be involved; for example, genes in the regions of
Xmv-41 and D10Mit2. A number of strategies are available for determining the genes
responsible for differences in the amygdala's ability to mediate anxiolysis (Crabbe et al.
1994). For example, congenic strains can be created (Dudek and Underwood 1993) by
using successive generations of backcrosses of DS and DR micc; Using this

technique, specific chromosomal segments can be transferred onto a constant genetic



background. The contribution of a particular genetic chromosomal region (such as the
area around Xmv-41) to a behavior can, therefore, be examined.

Recombinant inbred strains have also been created between LS and SS mice
(Erwin and Jones 1993). In this manner, the segregation of particular genetic areas
with specific behavioral phenotypes can be evaluated. Crosses between DS and DR
mice could similarly be performed. This would directly test the correlation between
particular phenotypes and/or genetic loci. The relationship between sensitivity to intra-
amygdala injections and systemic injections could be confirmed.

A number of techniques are also now available in mice for direct alteration of
particular genes (Takahashi et al. 1994). "Knockout" mice have been created which do
not express functional ¥2 subunits. These mice are insensitive to a number of effects
of BZs (Gunther et al. 1995). Genetic techniques can be used to make more subtle
alterations in various subunits. These powerful genetic manipulations can, therefore,
be used to further explore the neuroanatomic mechanisms underlying BZ effects.

This project has demonstrated that the amygdala can mediate the differences in
sensitivity to anxiolysis in DS and DR mice. The genes responsible for this can be
mapped and/or tested using the techniques just mentioned: recombinant inbreds, back
crosses, genetic knockouts, directed mutations, etc. Because these techniques often
require mice, the relationships between molecular genetics and neuroanatomy requires
mice as subjects. With stereotaxic surgery available as a tool for working with mice,

these and similar types of studies can proceed.

8.0 Summary
Intra-amygdala injections of CDP produced anxiolysis in DR mice but not DS
mice. This was observed as both a reversal of stress-induced freezing, as well as an

increase in the percentage entries into the open arm of the plus maze. This result
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suggests that the amygdala can mediate the difference in genetic sensitivity between
these two lines. The injections appear to be anatomically specific because injections into
the ventrolateral caudate did not have this effect. The injections were also behaviorally
specific as they did not result in locomotor activation, locomotor sedation, muscle
relaxation, ataxia, or protection against seizures produced by PTZ. The ventrolateral
caudate also does not mediate these other effects. These results are consistent with the

hypothesis that the various effects of BZs are mediated by different anatomic and

physiological systems.
Hypothesis Experiment Result
H1: The amygdala 1 yes
can mediate anxiolysis 2 yes
Anxiolysis in DR but 1 yes
not DS mice 2 yes
H2: The amygdala 1 yes
does not mediate the 2 yes
other behaviors 3 yes
H3: The caudate 4 no
mediates anxiolysis 5 no
Diffusion is localized 4 yes
5 yes
H4: The caudate mediates 4 no
other behaviors 5 no

Figure 18. Hypotheses and results. Hypotheses were tested in five experiments.
The results of these experiments are summarized here. In experiments 1 and 2, intra-
amygdala injections of CDP produced anxiolysis in DR mice but not in DS mice. Other
behaviors were not affected, and intra-caudate injections of CDP did not produce effects on

any of the behaviors.
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These results provide the framework for the initiation of a larger project.
Further verification of the involvement of the amygdala in mediating differences in
sensitivity to anxiolysis can be accomplished using a number of other genetic
techniques available in mice; for example, back-crosses and intercrosses between DS
and DR mice. Additionally, the neuroanatomic difference in the amygdala of DR and
DS mice can be examined at additional levels; thereby determining correlations between
anxiolysis and the cellular physiology, neurochemistry, and circuitry of the amygdala.
Furthermore, the technique of stereotaxic surgery followed by behavioral testing has
been demonstrated in these mice, and further studies similarly examining other

behaviors such as ataxia and locomotor activation can now occur.
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