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Benzodiazepines bind to a specific site on the y-aminobutyric acid (GABA)-benzodiazepine recep-
tor complex. This complex has been implicated in the pathophysiology of anxiety by numerous pre-
clinical and clinical studies. Preclinical studies have shown that there are multiple molecular forms of
this receptor complex, that these genetically coded variations are linked to specific actions of the ben-
zodiazepines, and that receptors are located in neuroanatomical areas known to mediate the anxiety
response in animals and humans. Human studies have shown that patients with pathologic anxiety
have anomal ous responses to drugs that specifically bind to these receptors and have reduced numbers
of benzodiazepine receptorsin key brain areasthat regul ate anxiety responses. More recent preclinical
studies suggest that molecular alterations in this receptor complex may produce findings in animals
similar to those observed in anxious humans. Finaly, chronic treatment with benzodiazepines causes
the development of tolerance, which may be associated with molecular changes and a pharmacologic

response profile similar to that observed in pathologically anxious humans.

O ne of the most ubiquitous neurotransmitters in the
central nervous system (CNS) is y-aminobutyric
acid (GABA), which operatesin more than athird of CNS
synapses. Asthe major inhibitory neurotransmitter, GABA
stands in dynamic balance with the excitatory neurotrans-
mitter glutamate, and together these 2 systems modulate
neuronal excitability. GABA operates through 3 major re-
ceptor subtypes: GABA-A and GABA-C, which mediate
rapid effects via a ligand-gated chloride ion channel, and
GABA-B, which mediates slower effects via G protein-
coupled effects on calcium and potassium channels.!
The GABA-benzodiazepine receptor, also known as the
GABA-A receptor and the benzodiazepine receptor, is
composed of a complex glycoprotein that also contains
binding sites for the various benzodiazepine compounds
whose potent anxiolytic effects have formed a*“ pharmaco-
logic bridge” that points to this receptor as playing a po-
tential role in the pathophysiology of anxiety and a clear-
cut rolein its treatment.?
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This article will review 3 main areas related to the role
of the GABA-benzodiazepine receptor complex in anxi-
ety: how the molecular nature of this receptor complex
may relate to disparate sedative, anxiolytic, and amnestic
effects of the benzodiazepines;, how animal and human
studiesidentify functional and structural alterations of this
complex associated with anxiety states; and how func-
tional and structural changes in this complex that occur
with chronic benzodiazepine treatment may relate to vari-
ous problematic aspects of benzodiazepine tolerance in
humans. It must be emphasized that the pathophysiology
of anxiety is currently poorly understood and most cer-
tainly involves a cascade of neurotransmitters, neuropep-
tides, receptors, second messengers, other intracellular
signaling mechanisms, immediate early genes, and longer-
term changes in gene expression.® Hence, the focus on this
receptor complex is only meant to highlight its potential
role as part of thisintricate interplay of factors and events.

MOLECULAR NATURE OF THE
GABA-BENZODIAZEPINE RECEPTOR COMPLEX

The GABA-benzodiazepine receptor complex is a
pentameric structure composed of 5 distinct glycoprotein
subunits that span a lipid bilayer and form a cylindrical
structure whose center constitutes an ion channel .>2* Acti-
vation of the GABA-benzodiazepine receptor causes an
increase in theinflux of chlorideions, whichin turn results
in the membrane hyperpolarization that is responsible
for neuronal inhibition. Benzodiazepines do not indepen-
dently activate this process but rather facilitate the action
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of GABA by increasing the frequency of ion channel open-
ing.® A number of other psychoactive compounds, includ-
ing barbiturates, anesthetic steroids, and even alcohol, also
act at this receptor complex in dlightly different ways at
different sites but have the same effect of enhancing neuro-
nal inhibition.

A series of studies has established that there are severa
molecular families of subunits: a with 6 isoforms,  with
3isoforms, y with 3 isoforms, 6 with 1 isoform, and p with
3isoforms.® The receptor complex is known to consist of 2
o subunits alternating with 2  subunits and asingle y sub-
unit.” Each receptor complex has 2 GABA binding sites but
only 1 benzodiazepine binding site. The GABA binding
sites are located at the intersection of the 2 alternating o
and (3 subunit pairs, while the single benzodiazepine bind-
ing site islocated at the intersection of the 1 pairing of the
o and y subunits. Thislatter phenomenon is consistent with
evidence that ay subunit isrequired for benzodiazepine ac-
tion, but not for GABA action, which can still occur with
reengineered receptors that lack ay subunit.*

Although the potential permutations and combinations
of different subunit types seem extraordinarily large, most
receptors seem to be composed of 1 of 4 . subunits(1, 2, 3,
or 5), 2 subunits (2 or 3), and 1 y subunit.* Thus a number
of possible different subtypes are avail able, with each sub-
type potentially differing in its affinity for GABA, itschlo-
ride channel kinetics, and its affinity for different benzo-
diazepine ligands. Evidence suggests that a majority of
these receptor complexes are actually composed of o, sub-
units in combination with B, and y, subunits.* The 2 a,,—2
[3,—1 vy, receptor subtype isthought to be responsiblefor the
sedating properties of benzodiazepines,®® consistent with
the location of this subtype in the thalamus, brainstem, and
cerebellum and consistent with evidence that the com-
monly used hypnotic zolpidem has a particularly high af-
finity for receptors with the o, isoform. Interestingly, all
3 of these subunits are coded for on a single chromosome,
chromosome 5. In contrast, receptors containing isoforms
o, 0.5, and o5 are more heavily concentrated in subcortical
and limbic areas and thought to be responsible for other
pharmacodynamic actions of benzodiazepines. A recent
study™® nicely documented the importance of the o, iso-
form for anxiolytic effects. In 2 different rat models of
anxiety, this study successively eliminated the a.,, a, Or a5
subunit from the receptor complex and showed that the an-
xiolytic effect of diazepam was preserved despite the ab-
sence of oy and o but disappeared when the o, subunit
was eliminated. Finally, receptors containing either iso-
forms o, or a4 have much lower affinity for benzodiaze-
pines and are insensitive to their effects.

The considerable variety of receptor subtypes provides
amolecular substrate for altered functioning of the GABA-
benzodiazepine receptor complex. Such alterations could
occur both naturally, possibly underlying the proclivity to
anxiety that is clearly present in aproportion of individuals
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and also seems to have genetic underpinnings, and in re-
sponse to environmental change and administration of
benzodiazepine medications.

THE GABA-BENZODIAZEPINE
RECEPTOR COMPLEX IN ANXIETY

Neuroanatomic Sites of Action
and the Neuroanatomy of Anxiety
GABA-benzodiazepine receptors are widely distrib-
uted throughout the CNS, with particular concentration
in the spinal cord, brainstem, thalamus, cerebellum, sub-
cortical areas including hippocampus and amygdala, and
cortex. Studies*™ of the neurocircuitry of anxiety have
implicated in particular the amygdala, hippocampus, and
medial prefrontal cortical areas as important way stations
subserving anxiety signaling. GABA-benzodiazepine re-
ceptors are specifically concentrated in these areas and
quite likely play an important role in modulating anxi-
ety.? In the amygdala, GABAergic circuits modulate
key excitatory circuits subserved by glutamate as well as
corticotropin-releasing factor, and it is likely that some of
theimmediate anxiolytic effects of benzodiazepines occur
at thissite.®

Effects of GABA-Benzodiazepine Receptor Agonists
and Antagonists in Patients With Anxiety Disorders

A series of studies have experimentally administered
doses of benzodiazepine agonists as well as doses of the
normally inert benzodiazepine antagonist flumazenil in
an attempt to determine if effectsin patients with anxiety
disorders differed from those in normal volunteers, which
might indicate that the GABA-benzodiazepine receptor
complex is functioning differently in anxious patients.
My group™ administered 4 logarithmically increasing
doses of intravenous diazepam or placebo on alternate
daysto 2 groups of subjects: control subjects and medica-
tion-free and largely benzodiazepine-naive patients with
panic disorder. Effects of diazepam at each of the 4 time
points on self-rated sedation, memory, and saccadic eye
movement velocity (SEV) were compared. SEV was se-
lected as a principal pharmacodynamic measure because
this measure was not affected by anxiety, so that anxious
patients would have both normal SEV at baseline and no
alteration in SEV as a result of the reduced anxiety that
might be produced by diazepam.®® Our study* showed
that panic disorder patients had reduced effects for all
pharmacodynamic measures, and these effects were not
due to differences in diazepam blood levels achieved dur-
ing the infusion. This finding suggested that panic disor-
der was possibly associated with subsensitive GABA-
benzodiazepine receptors. A smaller pilot study® found
similar results in individuals with generalized anxiety
disorder, and this finding was subsequently replicated
in panic disorder patients and extended to patients with
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obsessive-compulsive disorder.’” These findings, along
with 2 separate studies showing that reduced benzodiaze-
pine sensitivity is associated with the anxiety-associated
personality traits of harm avoidance™ and neuroticism, *°
suggest that agonist subsensitivity is diagnostically non-
specific and quitelikely related to acommon state of being
pathologically or abnormally anxious.

At the same time this study from my group™ was pub-
lished, a similarly designed study® was performed in
panic disorder and control patients, but flumazenil was ad-
ministered rather than diazepam. Although flumazenil had
the expected absence of pharmacodynamic effect in nor-
mal volunteers, it unexpectedly provoked panic attacksin
panic disorder patients. This anxiogenic effect was repli-
cated at 1 but not both doses of flumazenil by a second
study,?* although 2 subsequent studies?®*in panic disorder
patients, using different designs, did not replicate this
effect. Because the major effect of note is a subjectively
reported anxiety state, without a more objective correlate
other than the expected cardiovascular concomitants of
anxiety, differences in design and subject psychological
set are likely to contribute to self-report and possibly con-
found some attempts at replication. Furthermore, a small
pilot study® even showed that flumazenil had an anxio-
lytic effect in normal volunteers subjected to a stressful
simulation of public speaking. Nonetheless, findings that
anxious patients have reduced effects when given benzo-
diazepine agonists, along with the presence in some stud-
ies of unanticipated anxiogenic effects when given nor-
mally inert benzodiazepine antagonists, prompted a novel
theory of how receptor functioning in anxious patients
might be altered.

Theory of Altered GABA-Benzodiazepine
Receptor Set Point

Publication of the original flumazenil study by Nutt et
al.?® was accompanied by a theoretical interpretation that
the normal spectrum of GABA-benzodiazepine receptor
ligand activity could be altered in states of pathol ogic anx-
iety. There are a spectrum of ligands for this receptor that
normally have full agonist, partial agonist, neutral antago-
nist, partial inverse agonist, and full inverse agonist activi-
ties. Inverse agonists would dampen rather than potentiate
GABAergic activity at the GABA-benzodiazepine recep-
tor. Hosts of animal studies® have documented that these
agents have potent anxiogenic effects, and a study® in-
fused 5 German volunteers with the experimental inverse
agonist FG-1742 and observed severe induction of anxiety
and panic consistent with thistheory. Given that thisisthe
spectrum of ligand activity in nonanxious people, it can be
hypothesized that in anxious patients the spectrum of ac-
tivity is shifted so that agonists act like partial agonists,
partial agonists would not be active (this has not been
tested), antagonists that are normally inert would act like
partial inverse agonists, and so on.
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Although this theory nicely explains the aforemen-
tioned findings,**2° the reason for this receptor spectrum
shift is harder to pinpoint. Nutt et al. originally hypoth-
esized that this effect could be due to 1 of 3 phenomena
associated with anxiety: a deficiency in a naturally occur-
ring benzodiazepine agonist, an excess of a naturally oc-
curring benzodiazepine inverse agonist, or a naturaly
occurring alteration in the protein conformation of the re-
ceptor,? perhaps mediated by changes in genetic expres-
sion of different subunit isoforms in response to environ-
mental or developmental events.?” There are limited data
confirming the presence of a naturally occurring benzo-
diazepine compound, although endogenous benzodiaze-
pine-like substances have been isolated from the human
brain®® as well as in states of hepatic encephal opathy.?
Of course, neurosteroids, variously derived from pro-
gesterone, exist in the brain; some clearly have positive
alosteric modulating properties at the receptor, i.e.,
agonist-like effects, and others have inverse agonist-like
properties.® Unfortunately, the 1 study that has examined
neurosteroids in anxious patients showed that patients
with panic disorder had higher levels of key agonist-like
neurosteroids,® which runs counter to this hypothesis. Al-
though early studies isolated a substance called tribulin
that was thought to be anxiogenic from the urine of anx-
ious patients,® the structure of tribulin has yet to be deter-
mined. Early studies also had isolated an inverse-agonist
compound called diazepam binding inhibitor from brain®
as well as other peripheral tissues. Unfortunately, altered
levels of this compound were never found to be consis-
tently associated with pathologic anxiety states, and the
compound was subsequently found to be more closely
linked with the mitochondrial GABA-benzodiazepine re-
ceptor. Up to thistime, no other inverse-agonist candidates
have been identified.” Because the data after 2 decades
still do not support an anxiety-associated alteration in the
levels or amounts of endogenous agonist-like or inverse
agonist-like substances, the third hypothesis by Nutt et
al . about a basic alteration at the receptor level mediated
by changes in composition of the receptor provides per-
haps the best potential explanation for the receptor spec-
trum shift in anxious patients.

Neuroimaging Findings in Patients
With Anxiety Disorders

The implications derived from the aforementioned
pharmacologic challenge studies™*?* have been more di-
rectly confirmed by a series of neuroimaging studies.
Nutt’'s group in England followed up their original work
with a C11 flumazenil positron emission tomography
study in unmedicated panic disorder patients.® This study
showed that, compared with controls, there was a general
reduction in benzodiazepine binding measured with the
flumazenil ligand, with the largest decreases in right
orbitofrontal cortex and insula, 2 areas repeatedly impli-
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cated in the anatomic circuitry that mediates anxiety re-
sponses. Thisfinding has been replicated by another group
using iomazenil and single photon emission computed to-
mography methodology in panic disorder patients, with
decreases found in the hippocampus and precuneus and
particular reductions in the prefrontal cortex in subjects
who were having a panic attack.®® Another study* has
shown similar reductions in benzodiazepine binding in the
left temporal cortex in patients with generalized anxiety
disorder, while a third study® has shown reductions in
benzodiazepine binding in patients with posttraumatic
stress disorder (PTSD), also in the prefrontal cortex. Fi-
nally, using magnetic resonance spectroscopy, a recent
study® demonstrated reduction in GABA levels in occip-
ital cortex. The potential relationship of these decreased
GABA levelsto GABA-benzodiazepine receptor complex
functioning is not known.

Potential Molecular Substrates
for Pathologic Anxiety States

The findings reviewed in this section indicate that
human anxiety appears to be associated with reduced den-
sity of GABA-benzodiazepine receptors, reduced amounts
of cortical GABA, reduced functioning of this receptor
complex manifested as reduced sensitivity to benzodiaze-
pines, and perhaps a“ shift” in the activity of ligands along
the agonist-antagonist-inverse agonist spectrum. Crestani
et a.* developed an interesting mouse model of anxiety
that employed a y subunit “knockout.” Because homo-
zygotes without a y subunit would not be viable, hetero-
zygotes were used, with these mice having only half
the usual complement of vy, subunits for their GABA-
benzodiazepine receptor complex. These mice were found
to have reductions in brain GABA-benzodiazepine recep-
tor binding, reduced sensitivity to benzodiazepines, in-
creased anxiety in the elevated plus maze, increased trace
aversive conditioning (i.e.,, more easily conditioned to
noxious stimuli), and a reversal of maze anxiety behavior
with diazepam. This model suggests not that alterationsin
v subunit pharmacol ogy underlie human anxiety, but rather
that some kind of molecular alteration in the subunits or
more probably isoforms of subunits for the receptor com-
plex may well underlie the findings reviewed here and
contribute to the generation of pathologic anxiety states.

An interesting finding has recently been published link-
ing the 5-HT,, knockout mouse model of anxiety with
GABA-benzodiazepine receptor aterations. Mice lacking
the 5-HT,, receptor display marked anxiety in avariety of
experimental paradigms.”® This study® showed that mice
lacking the 5-HT ,, receptor have reduced sensitivity to di-
azepam, reduced GABA -benzodiazepine receptor binding
in the amygdala, and reduced expression of the a,; and o,
subunitsin the amygdala. Thusthefindings reviewed here,
rather than being primary, could be secondary to alter-
ations in another transmitter system.
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An extensive body of literature has implicated stressful
early life experiences in the development of anxiety in
both animal models and human developmental psycho-
pathology. Caldji et al.** measured expression of y, subunit
messenger RNA (mRNA) in the amygdala of anxious
mice as afunction of genetic strain and child rearing expe-
rience. These anxious mice had the full complement of
DNA, unlike the knockout mice in the Crestani et al.
study,® but only expressed half as much y, mRNA in their
amygdala as normal mice. In this study, the authors then
used a cross-fostering paradigm that allowed anxious mice
to be raised by norma mothers and normal mice to be
raised by anxious mothers. The study found that vy, ben-
zodiazepine subunit MRNA expression could be normal-
ized when anxious mice were raised by normal mothers,
which was accompanied by areduction in anxiety aswell.
In contrast, although subunit expression was correspond-
ingly lowered in normal mice raised by anxious mothers,
these mice continued to be behaviorally normal (i.e., these
reductions were not accompanied by the expected increase
infear level). Thisfinding is consistent with evidence that
learning and reconditioning can be helpful in ameliorating
certain anxiety states and demonstrates a potential mo-
lecular mechanism for this. Failure to develop anxiety de-
spite lowering of message expression in the amygdala in
mice raised by anxious mothers suggests that additional
mechanisms besides GABA-benzodiazepine receptor al-
terations contribute to the pathophysiology of anxiety (see
the 5-HT,, knockout mice study® reviewed earlier).

Finally, similar to the SEV findings implicating re-
duced agonist sensitivity,™* Iwata et al.** showed that a ge-
netic substitution of the GABA-benzodiazepine receptor
o, Subunit was associated with differential sensitivity to
diazepam effects on smooth pursuit eye movement accu-
racy or gain in children of alcoholics at risk for alcohol-
ism. This finding documents that in humans, changes
in receptor subunit composition may be associated with
changes in pharmacodynamic response to receptor ago-
nists. Although this study involved smooth pursuit gain—
an eye movement task that was not measured in the orig-
ina panic disorder study*—and because the o, form of
receptor is mostly expressed in the cerebellum, which me-
diates effects of smooth pursuit eye movements, the re-
sults of Iwata et al.* are quite consistent with the known
anatomy of eye movements and receptor subunit distribu-
tion as well as with the known pharmacology of benzo-
diazepine agonists.

Although these findings all suggest that GABA-
benzodiazepine receptor subunit composition could be al-
tered in states of pathologic anxiety and possibly serve as
a mediating, if not causal, mechanism, this link has not
yet been established. One interesting study in patients
with PTSD found an association of this condition with
a heterozygous state of the aleles for the p; subunit of
the GABA-benzodiazepine receptor.”* Unfortunately, this
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association was both relatively weak and not consistent
with the previously reviewed preclinical data, which have
focused mostly on aterationsin o and y subunits.

THE GABA-BENZODIAZEPINE COMPLEX:
CHANGES WITH CHRONIC TREATMENT

Perhaps the most controversial aspect of treatment with
benzodiazepines has been problems of physiologic depen-
dence and withdrawal, which have fueled misrepresenta-
tions of these drugs as addictive and spawned numerous
anecdotes of patients with anxiety disorders deteriorating
clinically after being prescribed these medications.” The
case presented in the article by Stewart® in this supple-
ment is such an example: an individual without a clear-cut
history of substance abuse seemsto develop escalating tol-
erance to the effects of these medications, requiring higher
and/or more frequent doses, which result, not in improve-
ment, but in further worsening. What is known about the
molecular mechanisms of tolerance? Do anxious patients
manifest a uniquely different way of developing tolerance
from controls without anxiety? Because the latter group
of patients would not be likely to use these medications
chronically, this question is difficult to address defini-
tively from an empirical perspective, although | will try to
shed some light on this. The only study that has actually
documented the response of normal volunteers to benzo-
diazepine withdrawal did not highlight, but rather buried
in a single sentence, the surprising and important finding
that after 6 weeks of diazepam treatment, only 1 in 20
women experienced a transient withdrawal syndrome.*®

Holt et al.*” have performed an interesting study exam-
ining how chronic benzodiazepine treatment differentially
alters GABA-benzodiazepine receptor subunit expression.
By including a novel partial agonist, abecarnil, as well as
the full agonist diazepam, they also facilitated interpreta-
tion of their results using the receptor spectrum shift hy-
pothesis by Nutt et al.?® In their study, Holt et al.*” focused
on 3 subtypes of receptors, distinguished by their o sub-
unit isoform (isoforms 1, 2, and 5). After chronic treatment
with diazepam, the mRNA expression of receptor sub-
types with a, isoform was reduced, while expression of
receptor subtypes with o, and a5 isoforms was increased.
Interestingly, after chronic abecarnil treatment, while o
isoform receptors were reduced, there were no increasesin
the other 2 receptor subtypes. Since animal studies®™ show
that chronic abecarnil treatment is associated with mark-
edly reduced tolerance and withdrawal reactions in ani-
mals, the Holt et al.*’ findings suggest that these 2 receptor
subtypes might underlie differences in tolerance and with-
drawal traditionally thought to be associated with partial
benzodiazepine agonists. Another study® used a rat cell
culture preparation and found that exposure to 5 days of
diazepam reduced expression of o, and y, subunit pro-
teins, but that actual withdrawal was additionally associ-
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ated with an increase in the o, subunit. This study suggests
the possibility that the neurobiological mechanisms re-
sponsible for withdrawal are not merely the accumulated
mirror image of those associated with tolerance, although
thereis reason to believe that many of the mechanisms as-
sociated with both are similar.

Although differences in GABA-benzodiazepine re-
ceptor subunit composition and expression most likely
contribute to differences in tolerance, other studies have
suggested that changes in the glutamate system are also
important in the development of benzodiazepine toler-
ance. Allison and Pratt> showed that changes in a-amino-
3-hydroxy-5-methylisoxazole-4-propionic acid receptor
subunit mRNA in multiple brain regions are potently in-
volved in withdrawal reactions. This is of course consis-
tent with the dynamic balance between GABAergic in-
hibitory and glutamatergic excitatory systems that was
briefly alluded to in the introduction.

In humans, tolerance to benzodiazepines is associated
with reduced sensitivity to agonist administration and, as
such, appearsto be an exaggeration of the small reductions
in agonist sensitivity demonstrated by my group a decade
ago.* 8 Using the same SEV paradigm, we tested panic
disorder patients who were being treated chronically with
alprazolam and compared the effects observed in them
following intravenous diazepam with those observed in
the benzodiazepine-naive panic patients. Interestingly,
there was a much wider distribution of sensitivity values,
with some treated patients having sensitivities similar
to benzodiazepine-naive panic patients, while others had
markedly reduced sensitivity. These 2 subgroups appeared
to be distinguished not by the characteristics of their
treatment (i.e., higher doses of benzodiazepine or longer
duration of treatment), as one might expect, but rather by
characteristics of their illness. The most insensitive (i.e.,
tolerant) patients were the most symptomatic, with more
frequent panic attacks and more severe phobic avoidance.
This finding suggests that some patients might be more
prone to develop tolerance than others and that these pa-
tients will respond poorly to these medications. However,
the doses received by all these patients, who were taking
average alprazolam doses of 2 mg/day with a range of 1
to 4 mg/day, were still much lower than doses recom-
mended by some experts. Hence, these patients might re-
quire higher doses and continue to exhibit symptomswhen
they do not receive the appropriate dose. Nonetheless,
this finding still begs the question: why does the GABA-
benzodiazepine receptor complex of some patients func-
tion in such amanner that they require much higher doses
of these medications?

CONCLUSION

An emerging body of evidence suggests that the
GABA-benzodiazepine receptor system plays an impor-
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tant role in the modulation and mediation of pathologic
anxiety states. The plasticity and multiple forms of thisre-
ceptor may well underlie dimensional variations in pro-
clivity to anxiety in humans as well as play arole in anx-
ious states that develop either asaresult of early life stress
or as a consequence of severe stress in later years. Treat-
ment of anxiety with benzodiazepines is highly effective,
although controversy still persists about the appropriate
role of long-term treatment with these agents and whether
problems with tolerance and dependence relate to under-
lying alterations in the receptor complex that either pre-
ceded chronic benzodiazepine treatment or developed as a
consequence of it.

Drug names: aprazolam (Xanax and others), diazepam (Valium
and others), flumazenil (Romazicon and others), zolpidem (Ambien).

Disclosure of off-label usage: The author has determined that, to the
best of his knowledge, no investigational information about pharma-
ceutical agents has been presented in this article that is outside U.S.
Food and Drug Administration—approved labeling.
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