
A thalamo-hippocampal-VTA loop may produce the positive
feedback that underlies the psychotic break in schizophrenia

John E. Lisman, Hyun-Jae Pi, Yuchun Zhang, and Nonna A. Otmakhova
Department of Biology and Volen Center for Complex Systems, Brandeis University, Waltham,
MA, U.S.A.

Abstract
The N-Methyl-D-Aspartate Receptor (NMDAR) hypofunction model of schizophrenia is based on
the ability of NMDAR antagonists to produce many symptoms of the disease. Recent work in rat
shows that NMDAR antagonist works synergistically with dopamine to produce delta frequency
bursting in the thalamus. This finding, together with other results in the literature, suggests a
mechanism for the sudden onset of schizophrenia. Among the thalamic nuclei most activated by
NMDAR antagonist is the nucleus reuniens. This nucleus excites the CA1 region of the
hippocampus. Experiments indicate that such activation can lead to excitation of dopaminergic
cells of the VTA by a polysynaptic pathway. The resulting elevation of dopamine in the thalamus
will enhance thalamic bursting, thereby creating a loop with the potential for positive feedback.
We show through computer simulations that, in individuals with susceptibility to schizophrenia
(e.g., because of partially compromised NMDAR function), an event that stimulates the dopamine
system, such as stress, can cause the system to reach the threshold for thalamic bursting. When
this occurs, positive feedback in the loop will cause all components to become highly active and to
remain active after the triggering stimulus is removed. This is a physiologically specific
hypothesis for the sudden and lasting transition that underlies the psychotic break in
schizophrenia. Furthermore, the model provides an explanation for the observed selective
activation of the CA1 hippocampal region in schizophrenia. The model also predicts an increase of
basal activity in the dopamine system and thalamus; the relevant evidence is reviewed.
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1. Introduction
The N-Methyl-D-Aspartate Receptor (NMDAR) hypofunction hypothesis of schizophrenia
originated with the finding that NMDAR antagonists can induce the positive, negative, and
cognitive symptoms of the disease in humans (1–6). NMDAR function is reduced in the
disease, as measured by the amplitude of the NMDAR-dependent signal, the mismatch
negativity (2, 7), and by the binding of a noncompetitive NMDAR antagonist (8).
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The NMDA hypofunction theory has been linked to other major theories of the disease. The
dopamine hyperfunction theory (see below in 4.3) can now be related to the NMDAR
hypofunction model because NMDAR antagonist produces dopamine release (see below in
2.3). Another theory of schizophrenia, the GABA hypofunction theory, emerged from the
study of postmortem tissue. It was found that there is a widespread decrease in parvalbumin
and glutamic acid decarboxylase (GAD), the enzyme that synthesizes GABA in fast-spiking
interneurons (9–11). These findings can now be linked to the NMDAR hypofunction theory
because administration of NMDAR antagonist to rats can reproduce these effects (12, 13)
and result in functional deficits in inhibition (14). Thus, major changes in the dopamine and
GABA system may be downstream effects of NMDAR hypofunction.

There have been substantial efforts to understand the cellular and network mechanisms that
underlie these effects of NMDAR antagonist. Although NMDARs throughout the brain are
affected by the antagonists, those in the thalamus appear to have special importance (see
2.1). NMDAR antagonists, working synergistically with dopamine, cause delta frequency
bursting in the nucleus reticularis (nRT), a pacemaker of the thalamocortical system (15).
Such delta frequency activity is also seen in thalamic relay cells, which, in turn, drive the
cortex (16, 17). Such a thalamocortical abnormality could underlie the enhanced delta
frequency EEG power in the awake state observed in schizophrenia (as summarized in a
meta-analysis (18)).

With this new perspective about thalamic function in mind, we reviewed previous work on
the effect of NMDAR antagonist. We found evidence that the nucleus reuniens of the
thalamus, a nucleus that innervates the hippocampus, is very strongly excited by NMDAR
antagonist. This carries special significance because of other recent work establishing the
importance of hippocampal activation in stimulating the release of dopamine (19–21).
Moreover, the connection of the hippocampus to the dopamine system has been strongly
implicated in animal models of schizophrenia (22–26). If NMDAR inhibition in the
thalamus leads to activation of the thalamus and thereby to the activation of hippocampus
and dopamine system, there will be dopamine release in the thalamus. As noted above,
dopamine works synergistically with NMDAR antagonist to promote bursting in the
thalamus. Taken together, these results suggest the possibility of a positive feedback loop. In
the next section, we review the evidence for such a loop. In Section 3, we develop a model
in which positive feedback in the loop is related to the psychotic break in schizophrenia.
Section 4 deals with the question of whether the thalamus, hippocampus, and VTA are
activated in schizophrenia, as predicted by our model. Limitations and further tests of the
model are described in Section 5.

2. Evidence for activation of thalamus, hippocampus, and VTA in response
to NMDAR antagonists
2.1 The action of NMDAR antagonist in the rat thalamus

Early work showed that systemic administration of NMDAR antagonist to rats produces
cellular damage (27) and activation of immediate early genes in limbic cortex (28). These
cortical changes could be prevented by systemic neuroleptics (29, 30) and thus could be
relevant to schizophrenia.

Further investigation showed that the cortical damage is not due to direct action of NMDAR
antagonist on cortex, but instead depends on action in the thalamus. Specifically, it was
shown that the cortical damage produced by systemic NMDAR antagonists could be
reproduced by microinjection of NMDAR antagonist into the thalamus, but not by
microinjection into the cortex itself (31). Furthermore, injection of the GABAA agonist,
muscimol, into the thalamus (this would inhibit the thalamus) blocked the effect of systemic
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NMDAR antagonist on cortex (32). Evidently, systemic NMDAR antagonist stimulates
electrical activity in the thalamus which spreads to cortex.

Progress has been made in elucidating the type of electrical activity that spreads from
thalamus to cortex. Early work showed that subanesthetic doses of ketamine in awake cats
produce synchronized delta-wave activity in the cortex and thalamus (17). The cortical delta
is selectively increased in the association areas of cortex (as compared to sensory cortices).
Moreover, it was shown that isolating the thalamus from other subcortical or cortical regions
did not prevent delta activity in the thalamus (17). This suggests that thalamus may be a
major driver of delta activity. Later, Buzsaki (16) confirmed this by showing that injection
of NMDAR antagonist into the thalamus drives delta frequency oscillations in the cortical
EEG (Fig. 1A).

The ability to induce delta frequency EEG with NMDAR antagonist provides further
support for the NMDAR hypofunction model of schizophrenia because this antagonist
action mimics the elevated EEG delta power in schizophrenia (18). This elevated delta is
found in the awake state and is localized primarily in frontal and central regions.

Recent work has elucidated the mechanisms by which NMDAR antagonist produces delta
frequency bursting in the thalamus (15). Studies were done in slices of the nucleus
reticularis of the thalamus, a group of inhibitory cells that is bidirectionally connected with
relay cells of thalamic nuclei and that acts as a pacemaker for thalamocortical rhythms (33,
34). Recordings from these cells showed that application of NMDAR antagonist causes
them to burst at delta frequency (Fig. 1B). Further experiments provided insight into the
biophysical mechanisms by which NMDAR antagonist produces bursting. It was found that
NMDAR antagonist produces a hyperpolarization of resting potential. This
hyperpolarization deinactivates T-type calcium channels, which then generate calcium
spikes (33–35). Each calcium spike generates a burst of action potentials, followed by a long
recovery period until the next calcium spike. The mechanism by which NMDAR antagonist
produces hyperpolarization (which is not seen in cortical neurons) depends on the particular
properties of the NMDARs in the thalamus. Cells in this region contain an unusual form of
NMDAR subunit (NR2C or NR2C-like) that, unlike NR2A and NR2B, have little Mg2+

block. It is known that the ambient extracellular glutamate concentration is high enough to
partially activate all forms of NMDARs. However, NR2A/B-containing receptors do not
generate current in response to ambient glutamate because they are strongly blocked by
Mg2+ ions near resting potential. In thalamic neurons, however, activation of NMDARs by
ambient glutamate depolarizes resting potential because the channels are not blocked by
Mg2+. This explains why NMDAR antagonists hyperpolarize thalamic cells (15).

An additional finding with important implications for schizophrenia is that dopamine has a
synergistic role in generating the delta frequency bursting induced by NMDAR antagonist
(15). An antagonist of D2-type dopamine receptors, the type of drug that effectively treats
schizophrenia, blocks the bursting (Fig. 1B). Antagonist was effective because there is
sufficient ambient dopamine to activate D2 receptors and hyperpolarize the nRT cells. Thus,
both dopamine and NMDAR antagonist hyperpolarize nRT cells and act synergistically to
take the cell to the threshold hyperpolarization required for delta frequency bursting. The
extrapolation of rat data to humans may be reasonable, given that the thalamic activation
produced by NMDAR antagonist can also be observed in humans using BOLD signals (36).

2.2 The connection between activation of the thalamic nucleus reuniens and CA1
activation

Several activity-dependent markers have been used to study the effect of NMDAR
antagonists on the activity in different thalamic nuclei. These methods utilize either
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activation of the immediate early gene, c-Fos (28), or energy utilization, as measured by
[14C]-2-deoxyglucose (2-DG) uptake (37). These in vivo studies confirm that the nRT is
activated by systemic NMDAR antagonists. These studies also show that relay thalamic
nuclei are activated, but in heterogeneous way. There is particularly strong activation of
midline nuclei (28), including the nucleus reuniens (Fig. 2B). This nucleus is of special
interest in schizophrenia because it innervates the hippocampus (38, 39), a region implicated
in the disease (see below in 4.2). The nucleus reuniens, like other thalamic relay nuclei, is
bidirectionally connected with the nRT (38). Thus, the observed activation of the nucleus
reuniens by NMDAR antagonist is likely to be at least partly due inputs from the nRT.

There are direct and indirect pathways from the nucleus reuniens to the hippocampus, and
both converge on the CA1 region, specifically in the dendritic region most distal from the
cell body called the stratum lacunosum-moleculare (SLM). The indirect pathway goes via
nucleus reuniens input to the entorhinal cortex. Information is then carried from layer 3 of
this cortical region to the SLM, where it converges with the direct pathway (39). As shown
in Fig. 2D, E, NMDAR antagonist produces a robust increase in the 2-DG signal that is
specific for the SLM input to CA1 (37).

A number of physiological studies indicate that the nucleus reuniens’ input to CA1 is
excitatory. In vivo stimulation of nucleus reuniens causes short-latency monosynaptic
excitatory field potentials in the SLM of mid and posterior CA1 region (40–42).
Microinjection of NMDA into the nucleus reuniens leads to epileptic activity in the
hippocampus (43). Injection even a few millimeters away does not have this effect. Elegant
studies of absence epilepsy independently demonstrate that the nucleus reuniens conveys
low-frequency oscillations from thalamus to the cortex and hippocampus (44, 45). The input
from entorhinal cortex to CA1 is also excitatory (reviewed in (46)) and sufficient to drive
place cells in CA1 (47).

Given this evidence that both direct and indirect inputs from the nucleus reuniens are active
and excitatory, it would be expected that NMDAR antagonist would increase activity in
CA1. Several lines of evidence indicate that this is the case. Activation due to NMDAR
blocker was observed in CA1 (c-Fos, Fig. 2C) (28) and in the subiculum, a target of CA1
output (2-DG, Fig. 2D, E) (37). Furthermore, the firing rate of pyramidal cells in rat CA1 is
increased by NMDAR blocker (Dr. M.W. Jones, personal communication). An important
result of the c-Fos and 2-DG studies is that activation of CA3 was not observed (Fig 2C, E)
(28, 37). Thus, the enhanced activity in CA1 is not due to CA3 input. Taken together, the
data support the idea that hippocampal activation occurs specifically in CA1 and that it
arises by input through the SLM that depends directly and indirectly on the nucleus
reuniens. However, the data do not exclude other contributions to CA1 excitation, such as
local disinhibition in hippocampus due to NMDAR blockade (4, 14, 48), as will be
discussed later (3.1).

2.3 Excitation of the hippocampus leads to dopamine release
Systemic application of NMDAR antagonist leads to activation of the dopamine system.
This has been observed by an increased c-Fos induction in the VTA (Fig. 2A) (28), by the
enhancement of the spiking of dopaminergic cells (49–51), and by the enhancement of
dopamine release in target structures (28, 52). This systemic effect can not be reproduced by
local microinjection of NMDAR blockers into VTA (51, 53). Moreover, disconnection of
the midbrain from the forebrain decreased the effect of systemic MK801 (51). This data
suggests that the activation of the VTA by systemic NMDAR antagonist is not due to local
action of the antagonist in VTA.
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There is now substantial evidence that activation of the hippocampus can lead to activation
of dopaminergic cells via a polysynaptic pathway, resulting in dopamine release in the
striatum, cortex, and hippocampus (for a review, see (21)). For instance, it has been shown
that exciting the CA1/subiculum causes activation of dopamine neurons in VTA and
dopamine release in target structures (19, 20). Given this pathway, it seems likely that the
activation of CA1 by NMDAR antagonist effects in the thalamus will lead to dopamine
release (for a test of this prediction, see Section 5).

2.4 Closing the loop; dopamine promotes thalamic bursting
The activation of dopaminergic cells will lead to dopamine release in the thalamus (for
details on dopaminergic innervation of thalamus see section S2 in Supplement 1).
Electrophysiological studies have shown that dopamine action in the nRT and relay nuclei is
hyperpolarization by D2 action (15, 54). As mentioned previously, this hyperpolarization
works synergistically with the hyperpolarization produced by NMDAR antagonist to reach
the threshold for bursting in nRT (15). This threshold occurs because a sufficient
hyperpolarization is needed to remove inactivation from T-type calcium channels (34, 35).
The resulting bursting will produce further activation of the hippocampus, further dopamine
release, and thus stronger thalamic bursting. Thus, the loop formed by the thalamus,
hippocampus, and VTA has the potential for positive feedback.

3. The psychotic break: a transition to positive feedback caused by stress
3.1 Predisposition for schizophrenia and the effect of stress

We do not think that positive feedback in the thalamo-hippocampal-VTA loop occurs under
normal conditions. In this section, we consider the conditions that create the possibility of
such feedback in schizophrenia. We define these conditions as predispositions because none
of them alone or in combination can produce the rapid onset and persistence of psychotic
state; rather, they make the system vulnerable to triggers that cause the system to go into
positive feedback and thereby create the psychotic break.

As noted above, there is a threshold level of hyperpolarization necessary to produce bursting
of thalamic neurons. From this perspective, a predisposition to schizophrenia could arise
from any factor that hyperpolarizes thalamic cells. NMDAR antagonist can act directly on
thalamic cells to produce such hyperpolarization (15). Furthermore, indirect actions could
also produce hyperpolarization. For instance, NMDAR antagonist may decrease activity of
hippocampal interneurons and thereby increase the spiking rate of pyramidal cells (4, 21, 48,
55). This, in turn, would activate the VTA; the resulting release of dopamine would
hyperpolarize thalamic cells. Some local disinhibition in dopaminergic areas may also
contribute to this effect (56). Another view of predisposing factors comes from the analysis
of the effects of prenatal/neonatal damage to the hippocampus as an animal model of
schizophrenia (22, 23, 26). This damages hippocampal interneurons (55, 57) and leads to
enhanced hippocampal activity, increased firing of dopamine cells (22, 23) and behavioral
sensitization of dopaminergic system to amphetamine challenge (24–26, 58).

We now turn to the question of what may trigger the psychotic break. It is well established
that the break can be triggered by psychosocial stress in late adolescence (reviewed in (59–
61)). Work in animal models has shown that social stress increases the firing of dopamine
cells and causes dopamine release in target structures (62). One mechanism for this is via
direct activation of the VTA by corticotropine-releasing factor (63, 64). In the presence of
predisposing factors, the stress-induced release of dopamine may cause sufficient
hyperpolarization of thalamic cells to produce bursting and positive feedback. This may
similarly be the case during the acute effects of drugs of abuse, which can trigger
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schizophrenia in individuals with a genetic predisposition to the disease (65). Cannabinoids,
amphetamines, opioids, alcohol, and nicotine can enhance dopamine release (24, 25, 66–70).

3.2 Computer simulations of the psychotic break
The bistable nature of the thalamo-hippocampal-VTA loop can be understood intuitively,
but can also be demonstrated in the formal model (Fig. 3). The equations underlying the
model are described in detail in Section S1 of Supplement 1. The results of the simulations
are shown in Fig. 4. If only NMDAR block is present or only stress is present, loop activity
stays very low. However, if there is a background of NMDAR block (which models a
predisposition to schizophrenia), then the same stress trigger will throw the loop into
positive feedback, producing maximal loop activity. This activity persists after stress is
removed, thus demonstrating the bistable properties of the system under conditions of
NMDAR block.

4. Relationship of the model to findings in schizophrenia
According to the model, the disease occurs when the thalamus, hippocampus, and VTA
participate in a positive feedback loop in which all of these structures become hyperactive
under basal conditions (i.e., without a task).

4.1 Evidence that the thalamus is involved in schizophrenia
Although the role of the thalamus in schizophrenia has been the subject of many metabolic
imaging studies, most of these have measured task-dependent processes and have observed
decreases in the resulting activation (71, 72). This may be due to higher basal activity in
thalamus of patients (73). This is supported by studies that specifically measured activity
under basal condition. These studies showed that patients with schizophrenia have higher
basal activity than controls ((74–76), but see (77)). An increase in thalamic activity was
observed in patients during auditory hallucinations (78).

4.2 Evidence that the hippocampus and, specifically, CA1 is hyperactive
Functional imaging (PET, SPECT) suggests that the hippocampus is hyperactive in the
resting state in schizophrenia as compared to controls (74, 78–80) and less responsive to the
task (79) or ketamine challenge (80). A recent study using high-resolution imaging of blood
volume also shows elevated hippocampal activity. This study is notable in having sufficient
resolution to study different hippocampal fields. The results show over-activity of CA1, but
not CA3 and DG (81). These authors found that activity changed in some other brain
regions, but only the CA1 abnormality correlated with symptoms’ severity (especially
delusions). Moreover, the CA1 signal was predictive of development of psychosis in a
prodromal group (81). Our model provides a simple explanation for why CA1, but not other
hippocampal regions (e.g., CA3), is activated in schizophrenia: only the CA1 region is
directly targeted by inputs from thalamus.

It is of interest that the importance of CA1 in schizophrenia resonates with findings on
epileptic psychosis showing that the less severe the CA1 neuronal loss is, the higher the
probability of psychosis is; when CA1 is destroyed, psychosis does not occur (82). Thus,
epileptic psychosis also appears to be caused by abnormal signal generated by CA1.

4.3 Evidence that the dopaminergic system is overactive in schizophrenia
The initial suggestion for dopamine hyperfunction in schizophrenia was that the power of
antipsychotic action of neuroleptics correlates with their ability to antagonize the D2 type of
DA receptors. It was later shown that the dopamine synthesis and dopamine release due to
amphetamine challenge are increased in patients with schizophrenia (reviewed in (83)).
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Finally, it was shown that baseline dopamine release is stronger in patients, directly
confirming dopamine hyperfunction in schizophrenia (6, 84).

According to our model, the enhanced activity of the thalamus results from elevated
dopamine levels. Consistent with this, multiple lines of evidence point to a thalamic
dopamine abnormality in schizophrenia. Earlier postmortem analysis showed increased
dopamine content in thalamus (85). Later in vivo PET studies found decreased D2-type
dopamine receptor ligand binding in thalamus (86–88), suggesting that D2-type receptors
may be already occupied by dopamine. The authors caution, however, that other
interpretations (like decreased D2 receptor density) are possible. Most recent PET studies
demonstrated increased thalamic dopamine synthesis (89) that correlated with the Positive
and Negative Syndrome Scale (PANSS) scores of patients. Similarly, dopamine transporter
binding was increased in the thalamus, and the increase correlated with PANSS scores (90).
These data, therefore, not only point to a hyperdopaminergic state in thalamus in
schizophrenia, but also suggest its relevance to the symptomology of the disease.

5. Limitations and additional experiments
We now discuss several limitations of the current model and point to areas of research that
could answer outstanding questions. Although it has been shown that NMDAR antagonist
can cause delta frequency bursting in the nRT (Fig.1B) and delta bursting in the thalamus
(16, 17), there has been no systematic study of the firing patterns produced by NMDAR
antagonist in various thalamic relay nuclei in rat. It remains to be determined whether the
bursting in relay nuclei is produced by nRT–dependent processes or by the direct action of
NMDAR antagonist. Based on c-Fos and 2-DG methods, it is clear that the overall
activation of different relay nuclei is highly heterogeneous. It would be important to observe
firing patterns in different thalamic nuclei. Understanding this heterogeneity may shed light
on why the cortex is heterogeneously affected by NMDAR antagonist: notably, some human
cortical areas are activated, whereas other show no change or even a decrease in metabolism
(72, 75, 76, 78, 81). Furthermore, low-frequency EEG oscillations are not uniformly
enhanced in schizophrenia but appear localized to particular frontal and temporal regions
(18, 91). The specific symptoms of schizophrenia are likely to depend on which parts of the
thalamocortical system are affected. According to the theory of (91, 92), region of cortex in
which the low frequency oscillations occur lose function and account for the negative
symptoms of the disease; because of loss of lateral inhibition, neighboring regions become
overactive and account for the positive symptoms of the disease.

Another area of uncertainty regards the reason for the age dependence of the response to
NMDAR antagonist, both in humans and animal models. The psychotic response to
NMDAR blocker does not occur until late adolescence (reviewed in (93, 94)). The psychotic
break in schizophrenia generally also occurs in late adolescence, and it is possible that
common developmental mechanisms are involved. In animal studies, it was shown that
NMDAR blocker-induced cortical damage is also age dependent, with onset at ~P45 (29,
93). This may be partially due to the development of vulnerability of cortical GABAergic
interneurons (95). Some NMDAR blocker-dependent developmental markers are specific to
thalamic relay nuclei (94). However, D2 and NMDAR antagonist-dependent nRT bursting
was observed as early as P17 (15). This suggests that there may be age dependence in the
response of relay cells to NMDAR antagonist or to the input from nRT. Further research
will be required to clarify this important issue.

Our bistable model successfully captures some issues related to neuroleptic treatment, but
not others. The model correctly accounts for the ability of D2-type dopamine antagonists to
interfere with the loop and thereby exert therapeutic action. The model predicts that the
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effect of neuroleptic treatment should be essentially immediate. However, there are both
immediate (96) and slower effects (97). The latter is not accounted for by our model.
Because our model has bistability, it further predicts that, once having interfered with the
positive feedback, neuroleptic could be removed without immediate restoration of the
psychosis. The literature provides some support for this prediction: after stabilizing a patient
with neuroleptic treatment, withdrawal of drug often does not cause immediate relapse.
Instead, relapse can sometimes take weeks or months to occur (98) and may again be caused
by another trigger such as stress. In these cases, schizophrenia can be appropriately
described as a bistable system, with sharp and stable upward transition to the psychotic state
and neuroleptic-induced downward transition to a more normal state. However, in other
patients, relapse may be fast. There are thus several complexities of the disease that are not
accounted for by our model.

The basic framework of the model can be further tested in several ways. As discussed in
Section 4, the model predicts that, in psychotic state, all components of the loop should
show basal hyperactivity in patients as compared to control. In particular, we would expect
that thalamic nucleus reuniens (medioventral nucleus) and limbic portions of the nRT should
be more active in patients as compared to controls. High-resolution studies may be able to
test this prediction. The model also makes predictions that can be experimentally tested in
animals. For instance, we expect that 1) strong bursting activity in nRT and nucleus reuniens
in vivo should occur with systemic application of NMDAR antagonist and be reduced or
blocked by intrathalamic D2 antagonist; 2) activation of the hippocampus by NMDAR
antagonist should be greatly reduced by D2 antagonist or inactivation of nucleus reuniens; 3)
NMDAR antagonist should fail to produce dopamine release after lesion of the hippocampus
or blockade of its activity; 4) direct activation of nucleus reuniens into sustained bursting by
electrical or optogenetic methods should lead to hippocampal activation and dopamine
release.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NMDAR blockers cause delta frequency oscillations in the cortex by an effect on thalamus.
A. The effect of systemic injections of NMDAR antagonist on cortical EEG can be
reproduced by intrathalamic microinjection of antagonist. Extracted with permission from
Fig. 6 in (16). B. Application of NMDAR blocker (APV) to cells in the thalamic reticular
nucleus in vitro causes a switch from regular firing to bursting at delta frequency (receptor
activation is by ambient glutamate). Blockade of D2 dopamine receptors by eticlopride
reverses the effect (receptor activation is by ambient dopamine). Extracted with permission
from Fig. 6 in (15).
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Figure 2.
Activation of relevant brain structures by MK801 in vivo. c-Fos expression in ventral
tegmental area (VTA) (A), nucleus reuniens (Re) (B), and CA1 hippocampal region (C) 4
hours after drug application. Nucleus reticularis was also activated (not shown). There was
no c-Fos expression in CA3 (C). Extracted with permission from Fig. 1 and 2 in (28). D, E.
The synaptic uptake of 2-DG 4 min after saline (D) and MK801 administration (E) shows
strong increase of synaptic activity in medial prefrontal cortex (MPC), in stratum
lacunosum-moleculare of CA1 (SLM), and in the subiculum (Sub). Inferior colliculus (IC)
activity is decreased by MK801. Extracted with permission from Fig. 3 in (37).
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Figure 3.
Hippocampus (CA1), thalamus, and VTA form a bistable network in which each region
stimulates the next region in the loop (arrows). Hippocampal firing is regulated by a
feedback inhibition from interneurons. The nRT and relay cells of the thalamus are assumed
to have similar bursting patterns.
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Figure 4.
Computer simulations of loop activity in response to predisposition to schizophrenia
(NMDAR hypofunction), stress, or the combination. Hyperactivity in the loop is reached
when stress occurs in the presence of predisposition. Positive feedback maintains the activity
even after the stress is removed, demonstrating bistability in the presence of predisposition.
[AU] – Arbitrary units.
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