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Abstract
For decades, the predominant hypothesis of schizophrenia centered on dysfunctions of the
dopamine system. However, recent evidence now suggests that the dopamine system may be
“normal” in its configuration, but instead is regulated abnormally by modulatory processes.
Convergent studies in animals and in humans have now focused on the hippocampus as a central
component in the generation of psychosis and possibly other symptom states in schizophrenia.
Thus, activity in the ventral hippocampus has been shown to regulate dopamine neuron
responsivity by controlling the number of dopamine neurons that can be phasically activated by
stimuli. In this way, this structure determines the gain of the dopamine signal in response to
stimuli. However, in schizophrenia, the hippocampus appears to be hyperactive, possibly due to
attenuation of function of inhibitory interneurons. As a result, the dopamine system is driven into
an overly responsive state. Current medications have focused on blockade of overstimulated
dopamine receptors; however, this now appears to be several synapses downstream from the
pathological antecedent. Therapeutic approaches that focus on normalizing hippocampal function
may prove to be more effective treatment avenues for the schizophrenia patient.

The Dopamine Hypothesis of Schizophrenia
The high morbidity associated with schizophrenia coupled with the comparatively less
effective treatments available compared to other psychiatric disorders has generated a
substantial amount of research into the pathophysology of this devastating disorder.
Nonetheless, the basic neurobiological constructs that lead to the disruptions associated with
schizophrenia are comparatively poorly understood. For a number of years, the dopamine
(DA) hypothesis has driven the primary line of inquiry into this disorder, based on strong
pharmacological data wherein drugs that augment DA transmission will exacerbate
psychosis in schizophrenia patients (Janowsky et al., 1973) and mimic it in controls (Angrist
et al., 1974), whereas all drugs currently used for the treatment of schizophrenia act on the
DA D2 receptor (Kapur and Remington, 2001; Kapur et al., 2000). Thus, in its simplest
form, the DA hypothesis of schizophrenia posits that there are abnormally high levels of DA
transmission leading to the pathological state (van Rossum, 1966). Nonetheless, there is
little evidence for a substantial deficit in the DA system itself in the schizophrenia patient’s
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brain (Beuger et al., 1996; Post et al., 1975; van Kammen et al., 1986). This has led to a
model in which the DA system itself is likely to be normal, but instead is being driven in an
abnormal manner by brain regions in which the primary deficit lies (Grace, 2000). Indeed,
studies show that amphetamine-induced dopamine release is significantly greater in
schizophrenia patients, and moreover this increase above controls is proportional to the
ability of the amphetamine to exacerbate psychosis (Laruelle and Abi-Dargham, 1999).
Thus, there appears to be an identity to increased dopamine system responsivity and
psychosis in schizophrenia. But, what system in the schizophrenia brain is driving this
hyper-responsivity in the dopamine system? One system in particular that has attracted
substantial attention is the glutamatergic system. Thus, drugs that alter glutamate function,
particularly those that act on NMDA receptors, exhibit potent psychomimetic effects that are
often indistinguishable from schizophrenia (Javitt and Zukin, 1991).

There are several regions that have emerged as potential sites for dysregulation in the brain
of the schizophrenia patient. One region that rose to early prominence is the prefrontal
cortex. The prefrontal cortex is a region that is known to be involved in executive function
(Goldman-Rakic, 1996), and it is well- established that these functions are impaired in
schizophrenia patients (Weinberger and Gallhofer, 1997). Indeed, imaging studies show that
normal individuals activate the prefrontal cortex in working memory tasks, whereas
schizophrenia patients fail to activate the prefrontal cortex when they fail to accurately
complete the task (Berman and Weinberger, 1990; Weinberger et al., 1986). Such data were
interpreted as a deficit in prefrontal cortical activity, or hypofrontality (Ingvar and Franzen,
1974). However, more recent studies suggest that the prefrontal cortex may be hyper-active
in schizophrenia, such that it cannot be further activated during a task (Bassett et al., 2009),
and this may lead to ineffective task performance.

Another region that has also received substantial attention in schizophrenia is the
hippocampus. Several studies have reported anatomical changes in the hippocampus in
schizophrenia patients (Conrad et al., 1991; Kovelman and Scheibel, 1984; Suddath et al.,
1990). Moreover, studies suggest that the hippocampus may be hyper-active in
schizophrenia. Thus, imaging studies show hippocampal hyperactivity in schizophrenia
patients (Heckers, 2001; Kegeles et al., 2000; Malaspina et al., 1999; Medoff et al., 2001),
and moreover this hyperactivity correlates with psychosis (Silbersweig et al., 1995). This
suggests that the dopaminergic psychotic features of schizophrenia may be driven by
abnormally heightened hippocampal activity. Indeed, basic science studies show that
activation of the hippocampus does indeed lead to a hyperdopaminergic state. To understand
the type of hyperactivity induced and its relevance for schizophrenia, the types of dopamine
neuron activity states and their regulation is important to outline.

Dopamine neuron activity states
Dopamine neurons are known to exist in several activity states. In the control state,
dopamine neurons are either spontaneously firing or are in an inhibited, nonfiring state
(Bunney and Grace, 1978; Grace and Bunney, 1984). Approximately half of the dopamine
neurons are firing in the control rat; a parameter known as population activity. Since
dopamine neurons are driven by a pacemaker conductance, the nonfiring state must be
maintained by an active inhibitory input. One of the most potent inhibitory inputs to the
dopamine neurons is a GABAergic inhibitory input (Grace and Bunney, 1985) arising from
the ventral pallidum. The ventral pallidum is a region that fires continuously at high firing
rates (Maslowski-Cobuzzi and Napier, 1994; Mogenson et al., 1993). Moreover, dopamine
neurons recorded intracellularly in vivo are constantly bombarded with high amplitude
GABAergic ipsps (Grace and Bunney, 1985). Therefore, the ventral pallidum provides a
tonic high amplitude GABAergic inhibition that keeps a proportion of dopamine neurons
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from firing spontaneously. The ventral pallidum, in turn, is controlled by a pathway
originating in the ventral hippocampus. The ventral hippocampus projects to the nucleus
accumbens, which in turn inhibits the ventral pallidum. Therefore, when the ventral
hippocampus is excited, it drives nucleus accumbens inhibition of the ventral pallidum,
releasing the dopamine neurons from inhibition (Floresco et al., 2001) (Fig. 1). Indeed,
pharmacological activation of the ventral hippocampus was shown to specifically increase
the number of dopamine neurons firing spontaneously (i.e., increased dopamine neuron
population activity), and this increase could be attenuated by interrupting the circuit at the
level of the nucleus accumbens (Floresco et al., 2003) or the ventral pallidum ((Valenti and
Grace, 2009).

What is the relevance of changes in the number of dopamine neurons firing? This measure is
important in determining the amplitude of the dopamine signal. Thus, studies show that
when an animal is exposed to a behaviorally activating stimulus, the dopaminergic neurons
fire in bursts of action potentials. These bursts appear to be driven by a glutamatergic input,
with the most potent of these inputs arising from the brainstem region known as the
pedunculopontine tegmentum. Thus, activation of the pedunculopontine tegmentum causes
dopamine neurons to fire in phasic bursts, with burst firing being the behaviorally relevant
output of the dopamine system (Floresco et al., 2001; Floresco et al., 2003). However, not
all of the dopamine neurons are driven into burst firing; only dopamine neurons that are
already firing spontaneously respond to pedunculopontine activation with burst firing. Thus,
phasic glutamatergic drive from the pedunculopontine tegmentum causes the dopaminergic
neurons to emit a burst of spikes. However, the amplitude of this phasic dopaminergic signal
depends on the number of dopamine neurons firing. Thus, the greater the ventral
hippocampus-modulated population activity, the larger the phasic dopamine signal (Floresco
et al., 2003; Lodge and Grace, 2006) (Fig. 1).

Therefore, the ventral hippocampus is positioned to modulate the amplitude of the phasic
dopamine signal; i.e., the pedunculopontine tegmentum provides the behaviorally salient
phasic drive, but the ventral hippocampus determines the amplitude of the phasic dopamine
response. This is consistent with the proposed behavioral function of the ventral
hippocampus. Thus, studies have suggested that the ventral hippocampus, and the ventral
subiculum of the hippocampus in particular, is involved in context-related behaviors
(Fanselow, 2000; Jarrard, 1995; Maren, 1999; Sharp, 1999). This is consistent with the
anatomy of the hippocampus, which in the rat is organized in a dorsal-ventral gradient. The
most dorsal portions are the regions involved in location in space, or place cells (O’Keefe,
1979). However, as one moves ventrally, the location information is overlayed with limbic,
emotion-related inputs. Indeed, primarily the ventralmost portions of the hippocampus
receive potent amygdala inputs (French et al., 2003). Thus, in the ventralmost regions, cells
would be expected to respond to the affective significance of location, which in general
terms would be context (Grace, 2010a). This would be consistent with the impact on the
dopamine system, since the amplitude of the phasic dopamine response should be dependent
on the contextual relevance of the situation. As an example, if one is in a benign, safe
environment and a stimulus is received, the reaction to the stimulus would be blunted due to
the low ventral hippocampal drive of the dopamine system. However, if one is in an
environment where threat/reward is high, such as hunting, competing for a mate, etc., the
charged context would cause the ventral hippocampus to increase dopamine neuron
population activity, engendering a large dopamine response to a behaviorally relevant
stimulus.
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Dopamine System Overdrive and Schizophrenia
What about in the case of schizophrenia? As reviewed above, there is substantial evidence
that the dopamine system is hyper-responsive in schizophrenia patients; in particular, there
is abnormally high amphetamine-induced dopamine release that correlates with exacerbation
of psychosis (Laruelle and Abi-Dargham, 1999). Moreover, there is also increased baseline
D2 stimulation in terms of D2 occupancy in the schizophrenia patient. This is consistent
with what has been observed in a developmental animal model of schizophrenia.
Specifically, one animal model that has proven effective in mimicking schizophrenia in
rodents involves developmental disruption. A number of types of disruption, ranging from
neonatal ventral hippocampal lesions (Lipska et al., 1993) to immune system activation
(Meyer et al., 2005) also produce a state in which the rat is hyper-sensitive to amphetamine
administration. A model that we have used that shows a number of parallels with
schizophrenia is the prenatal injection of the mitotoxin methyl-azoxymethanol acetate
(MAM). This model was developed in our laboratory (Grace and Moore, 1998; Moore et al.,
2006) and extensively characterized (Flagstad et al., 2004; Gourevitch et al., 2004; Le Pen et
al., 2006). In this case, the DNA methylating agent is injected into the pregnant dam during
gestational day 17 and the offspring examined as adults. These rats display a number of
features consistent with a model of schizophrenia, including thinning of limbic cortices
without neuronal loss, alterations in sensory gating (prepulse inhibition of startle), disrupted
learning (latent inhibition) disrupted executive function, social interactions, and hyper-
responsivity to psychotomimetic drugs such as phencyclidine and PCP; all states consistent
with schizophrenia (Flagstad et al., 2004; Moore et al., 2006; Talamini et al., 1999)
(Gourevitch et al., 2004; Lodge et al., 2009). Furthermore, electrophysiological studies show
that the dopamine system is also overdriven, in that the population activity of dopamine
neurons is more than double that found in control rats, and moreover this corresponds with
ventral hippocampal hyperactivity (Lodge and Grace, 2007). Indeed, this is consistent with
the hyperactivity in the hippocampus of schizophrenia patients. What is the source of this
hippocampal hyperactivity? In both the MAM rat and in the human schizophrenia patient,
the limbic hippocampal region has shown to exhibit a significant reduction in staining for a
particular class of GABAergic interneurons; i.e., those containing the marker parvalbumin
(Lewis et al., 2001; Lodge et al., 2009; Zhang and Reynolds, 2002). Thus, a common loss of
an important class of GABAergic interneurons may be responsible for the increased limbic
hippocampal activity and consequently increased dopamine neuron population activity,
rendering the dopamine system hyper-responsive to stimuli (Lodge et al., 2009).

Under the condition of abnormally high hippocampal drive of dopamine neuron population
activity, the dopaminergic system would be rendered hyper-responsive to phasic stimuli.
Thus, the level of amplification of the dopamine system is always turned to maximal. Under
such a state, all stimuli, whether threatening, rewarding, or benign, would cause a maximal
phasic activation of the dopamine system (Grace, 2010a, b). Therefore, there would be a
mismatch between the actual behavioral salience of the object, and the much greater salience
that is attributed by the dopaminergic response. As a result, all stimuli would be treated as
one that requires maximal attention and reaction; a state that has been termed aberrant
salience (Kapur, 2003).

Stress and the Pathophysiology of Schizophrenia
Taking together data from animal studies and human imaging, an explanation for the
pathophysiology of schizophrenia points to a dysfunction of hippocampal interneurons
leading to overdrive of tonic dopamine neuron population activity; this results in an
abnormally amplified dopamine response to stimuli. However, what is the origin of the
hippocampal dysfunction that leads to the delayed emergence of psychosis? Although direct
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evidence for this model does not exist, evidence gleaned from other studies provide the basis
for a model integrating early stress exposure and hippocampal pathology. Thus, the fact that
it appears to depend on the hippocampus is intriguing, since the hippocampus is a brain
region that is known to be sensitive to stress. Maintained stressors are known to lead to
hippocampal damage (Magarinos and McEwen, 1995; McEwen, 2000; Sapolsky, 2000), and
high levels of the stress hormone cortisol are associated with a smaller hippocampus in first-
episode schizophrenia patients (Mondelli et al., 2010). Stress-activated regions such as the
amygdala send excitatory afferents to the hippocampus (French et al., 2003), and studies
show that acute activation of the amygdala-hippocampal pathway by injection of picrotoxin
into the amygdala also leads to parvalbumin interneuron damage in this region (Berretta et
al., 2004). We have preliminary evidence (Lipski and Grace, in preparation) that acute
stressors, such as restraint stress, increases c-fos in ventral hippocampal pyramidal neurons
that project to the accumbens, whereas chronic stressors such as chronic cold stress
increases excitability in the amygdala (Buffalari and Grace, 2009), which sends excitatory
afferents to the hippocampus (French et al., 2003). There is also evidence of increased HPA
activation people at risk for schizophrenia, which is consistent with stress effects (Garner et
al., 2005). Indeed, another condition that leads to sustained activation of the hippocampus,
i.e. temporal lobe epilepsy, is also associated with psychosis (Mendez et al., 1993), and is
also known to lead to loss in hippocampal parvalbumin interneuron staining (Knopp et al.,
2005). As a consequence of increased hippocampal activity, our model suggests that there
would be increased dopamine neuron population activity, which we propose underlies the
hyper-responsivity to amphetamine (Cifelli & Grace, submitted). Therefore, stress may be a
factor in the etiology of schizophrenia via a deleterious action in the hippocampus. Whether
this proposed stress-induced damage is due to the direct effects of chronic stress or instead
reflect a failure of the HPA axis to respond appropriately to acute stressors is unknown.
Indeed, it may be that the etiology may be different in different individuals.

What is different about the schizophrenia patient that allows stressors to exert damage to the
brain? One region that is known to play a substantial role in the regulation of stress is the
medial prefrontal cortex. Thus, the impact of stressful stimuli on the amygdala is attenuated
via activation of the prefrontal cortex (Rosenkranz et al., 2003). There is evidence that the
prefrontal cortex may be dysfunctional early in schizophrenia, given evidence for executive
dysfunction in the premorbid state (Silverstein et al., 2003). Moreover, data suggests that the
increase in D1 receptors in the prefrontal cortex of schizophrenia is due to diminished
dopamine action (Abi-Dargham and Moore, 2003), and dopamine is required for functional
activation of the prefrontal cortex (Sawaguchi and Goldman-Rakic, 1994). Indeed, loss of
prefrontal cortical dopamine will increase subcortical dopamine responses to stressors
(Deutch et al., 1990; King and Finlay, 1997). Finally, studies of children that are at risk for
schizophrenia show that the individuals that show abnormally high responsivity to stressors
tend to be the people that convert to schizophrenia (Johnstone et al., 2002). Taken together,
a picture emerges by which a dysfunction of the prefrontal cortex or its dopamine
innervations early in life prevents effective regulation of stress responses. As a result,
stressors would have a larger, less regulated impact on the brain of predisposed individuals,
eventually leading to amygdala activation and hippocampal parvalbumin interneuron
dysfunction, hippocampal hyperactivity, and psychosis (Grace, 2004; Thompson et al.,
2004) (Figure 2).

Treatment
Schizophrenia is modeled above as a hippocampal pathology leading to an overdrive of the
DA system. The treatment of schizophrenia for the past half century has focused almost
exclusively on blocking overactivity within the DA system by blocking DA D2 receptors.
However, whether simple receptor blockade is and adequate explanation for the efficacy of
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antipsychotic drugs remains in doubt. Thus, simple D2 blockade would be expected to
induce several compensatory processes, such as increased DA release from increased DA
neuron firing and DA release, as well as the development of D2 supersensitivity (Grace et
al., 1997). Therefore, one would predict that this would enable an initial short-duration
benefit followed by longer term compensation. However, it seems that the opposite has been
observed in treating schizophrenia; i.e., an initial benefit that increases over weeks of
treatment (Johnstone et al., 1978; Pickar et al., 1986; Pickar et al., 1984). One factor that
was advanced to explain such a phenomenon is the development of DA neuron
depolarization block (Grace et al., 1997). Thus, in normal rats, 3 or more weeks of repeated
daily administration of antipsychotic drugs lead to an excitation-induced inactivation of DA
neuron spike firing (Bunney and Grace, 1978; Grace et al., 1997). Moreover, the effect was
region- and drug-specific, in that drugs that were effective at treating schizophrenia caused
depolarization block in the limbic ventral tegmental area DA neurons, whereas drugs that
induced extrapyramidal side-effects caused depolarization block in the substantia nigra DA
neurons (Chiodo and Bunney, 1983; White and Wang, 1983). The decrease in number of
DA neurons firing would, in effect reverse the increase in DA neuron population activity
that the MAM model predicts would be present in schizophrenia.

On the other hand, more recent data has shown that, even though antipsychotic drugs do not
exhibit tolerance, their onset of action can be comparatively rapid (Agid et al., 2003). At
first approximation, this did not appear to be consistent with the findings of antipsychotic
drug action in normal animals. However, schizophrenia patients are not “normal,” and if the
DA system is in a state such as that observed in MAM-treated rats, the DA system would
not be in the same state. Thus, although antipsychotic drugs cause an increase in DA neuron
population activity in normal animals, in the MAM-treated rats the DA neurons are already
near maximal population activity. In this condition, the DA system could not compensate for
D2 blockade by increasing the number of DA neurons firing. How do antipsychotic drugs
affect DA neuron firing in the MAM-treated rat? Consistent with that observed in
schizophrenia patients, single doses of antipsychotic drugs can induce a rapid onset of
depolarization block in about 50% of DA neurons in MAM-treated animals, bringing the
population activity back down to control levels (Valenti et al., 2009). Therefore, in the case
of an overactive DA system as is proposed to be present in the DA neurons in schizophrenia
animals, antipsychotic drug action would have a more rapid onset due to the absence of a
major means of compensation for antipsychotic drug blockade of D2 receptors.

Although D2 blockade is effective at partially alleviating the psychotic symptoms of
schizophrenia, given the model stated above, this would not effectively treat the proposed
cause of the disorder. Thus, blocking D2 receptors is at least 4 synapses downstream from
the proposed pathology within the ventral hippocampus. Moreover, since depolarization
block is not the normal state of the system, producing DA neuron depolarization block
would not be directly addressing the pathology, but instead acting to produce an offsetting
deficit with its own deleterious consequences (Grace et al., 1997). A more effective
approach would be to restore GABAergic function within the ventral hippocampus. Of
course, directly manipulating GABA would be problematic, given that GABAergic synapses
account for more than a third of the synapses in the brain. However, the hippocampus is
known to preferentially exhibit a unique subtype of the GABAA receptor; i.e., one that
contains the alpha-5 subunit(Heldt and Ressler, 2007; Ramos et al., 2004; Serwanski et al.,
2006). Since the alpha subunit is the region that binds benzodiazepines, specifically
targeting this subunit with a benzodiazepine-like drug should selectively increase GABA
tone in the hippocampus. Indeed, our studies show that using a GABAA positive allosteric
modulator SH-053-2′F-R-CH3 (Savic et al., 2010) will selectively decrease ventral
hippocampal excitability, as well as restore normal DA neuron population activity and
reverse the hyper-responsivity to amphetamine (Gill et al., 2011).

Grace Page 6

Neuropharmacology. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Summary
Schizophrenia is a disorder that has been resistant to precise definition and treatment. Part of
this may be due to the somewhat inappropriate focus on the DA system. However, recent
studies suggest that this disorder may result from a pathology within the ventral
hippocampus that leads to an overdrive of the DA system. By targeting treatments at the site
of pathology rather than at the DA receptor, more effective pharmacotherapeutic approaches
may be developed. There is also a major concern regarding treatment as it relates to the
cognitive deficits in schizophrenia. Although direct evidence is forthcoming, one would
expect that a disruption in hippocampal rhythmicity could also affect cognitive function.
Thus, it is known that neocortical neuron gamma oscillatory activity is entrained by theta
rhythms arising in the hippocampus (Sirota et al., 2008). This suggests that alteration of
hippocampal rhythmic activity could lead to disruption in frontal cortical information
processing, potentially leading to cognitive deficits in the schizophrenia patient. The fact
that cognitive deficits worsen substantially at first break without substantial accompanying
cortical damage is consistent with a neurophysiological origin of such deficits.
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Highlights

Animal and human studies identified the hippocampus as a site of pathology in
schizophrenia

Parvalbumin interneuron loss in the hippocampus leads to dopamine system
dysfunction

Restoring GABA transmission in the hippocampus can be achieved by an alpha 5
GABA drug
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Figure 1.
The DA neuron population is comprised of neurons that are firing spontaneously, and those
that are inhibited from firing due to the influence of the ventral pallidum. The ventral
pallidum, in turn, is controlled by a hippocampal ventral subiculum-nucleus accumbens
pathway. The state of activity of the subiculum is dependent on the context; with benign
contexts the drive is low, but is augmented when the environment warrants a higher level of
attention. Whenever the ventral subiculum is activated, it in turn activates the nucleus
accumbens, inhibits the ventral pallidum, and removes the inhibitory influence from the DA
neurons. Therefore with increased subicular drive, there is an increase in the proportion of
DA neurons firing spontaneously. When a phasic, behaviorally relevant event takes place,
the pedunculopontine tegmentum provides a rapid, glutamatergic input to the DA neuron
population; this is the behaviorally salient signal. However, only DA neurons that are firing
spontaneously can respond to the phasic input with burst firing. Therefore, by controlling the
number of DA neurons that are firing spontaneously, and therefore capable of being
phasically activated, the ventral subiculum controls the gain of the DA signal.
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Figure 2.
The medial prefrontal cortex (PFC) has a multitude of functions; among them being
regulation of stress responses. Therefore, under stressful conditions DA is released into the
PFC, which in turn can down-regulate stress responses subcortically. However, in
schizophrenia, a premorbid dysfunction in the PFC, possibly due to disrupted GABAergic
regulation, altered DA modulation, or other factors, interferes with these actions. As a result,
the amygdala is overactivated by stressors, increasing the stress response. This will also lead
to increased locus coeruleus drive which will further augment stress responses. Stress itself
will activate the glucocorticoid system. In addition, the dysfunction of the PFC will
necessitate the hippocampus to assume greater information processing responsibility. All of
these effects will then act in concert to lead to hippocampal damage, parvalbumin
interneuron dysfunction, and an overdrive of the dopamine system, leading to psychosis.
Therefore, in the impaired system, unchecked stress responses will initiate a cascade of
events in late adolescence that can culminate in hippocampal damage, dopamine system
overdrive, and the emergence of psychosis.
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