
Accepted Manuscript

Title: Adolescence as a period of vulnerability and
intervention in schizophrenia: Insights from the MAM Model

Author: Felipe V. Gomes Millie Rincón-Cortés Anthony A.
Grace

PII: S0149-7634(16)30097-5
DOI: http://dx.doi.org/doi:10.1016/j.neubiorev.2016.05.030
Reference: NBR 2455

To appear in:

Received date: 23-2-2016
Revised date: 24-5-2016
Accepted date: 24-5-2016

Please cite this article as: Gomes, Felipe V., Rincón-Cortés, Millie, Grace,
Anthony A., Adolescence as a period of vulnerability and intervention in
schizophrenia: Insights from the MAM Model.Neuroscience and Biobehavioral
Reviews http://dx.doi.org/10.1016/j.neubiorev.2016.05.030

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/doi:10.1016/j.neubiorev.2016.05.030
http://dx.doi.org/10.1016/j.neubiorev.2016.05.030


Adolescence as a period of vulnerability and intervention in 

schizophrenia:   

Insights from the MAM Model 

  

Felipe V. Gomes, Ph.D.1, Millie Rincón-Cortés, Ph.D.1, Anthony A. Grace, Ph.D.* 

 

Departments of Neuroscience, Psychiatry and Psychology 

 

∗Corresponding author: Dr. Anthony A. Grace, Department of Neuroscience, A210 Langley Hall, 

University of Pittsburgh, Pittsburgh, PA 15260, USA. Tel.: +1 412 624 4609; Fax: +1 412 624 

9198 

E-mail: GraceAA@pitt.edu 

 

1These authors contributed equally to this review. 

  

mailto:GraceAA@pitt.edu


Highlights 

 Adolescence is a critical period for risk factors that predispose to schizophrenia. 

 The DA system and the PFC undergo dramatic changes during this period.  

 We review effects of stress and drug exposure in the MAM model of schizophrenia. 

 Adolescence is a sensitive period for exacerbation and prevention of schizophrenia. 

 

Abstract 

Adolescence is a time of extensive neuroanatomical, functional and chemical reorganization of 

the brain, which parallels substantial maturational changes in behavior and cognition.  

Environmental factors that impinge on the timing of these developmental factors, including 

stress and drug exposure, increase the risk for psychiatric disorders.  Indeed, antecedents to 

affective and psychotic disorders, which have clinical and pathophysiological overlap, are 

commonly associated with risk factors during adolescence that predispose to these disorders.  In 

the context of schizophrenia, psychosis typically begins in late adolescence/early adulthood, 

which has been replicated by animal models.  Rats exposed during gestational day (GD) 17 to 

the mitotoxin methylazoxymethanol acetate (MAM) exhibit behavioral, pharmacological, and 

anatomical characteristics consistent with an animal model of schizophrenia.  Here we provide 

an overview of adolescent changes within the dopamine system and the PFC and review recent 

findings regarding the effects of stress and cannabis exposure during the peripubertal period as 

risk factors for the emergence of schizophrenia-like deficits.  Finally, we discuss peripubertal 

interventions appearing to circumvent the emergence of adult schizophrenia-like deficits.  

 

Keywords: animal models, development, adolescence, dopamine, stress, cannabinoids, 

schizophrenia  

 

1. Introduction 

Adolescence is a slowly developing transitional period between infancy and adulthood 

characterized by extensive behavioral, hormonal and neurochemical changes (Spear, 2000).  

These processes are mediated by substantial maturational changes in brain structure, 



neurochemistry and function, which are the outcome of dynamic interactions between genes and 

environmental factors (i.e. early life insults, stress and drug exposure) (Keshavan et al., 2014).  

Importantly, the impact of several interacting variables during this period increases the risk for 

onset of major psychiatric disorders such as schizophrenia, substance abuse and affective 

disorders (Paus et al., 2008), all of which involve dysregulation of the dopamine (DA) system 

(Goto and Grace, 2007).  This may be due, in part, to changes in dopaminergic function during 

this period (Wahlstrom et al., 2010).  For example, shifts in the balance between mesocortical 

and mesolimbic systems might account for adolescent behaviors of increased risk, reward 

seeking and incentive salience and may underlie the risk for mood, addictive and psychotic 

disorders (Keshavan et al., 2014).  Indeed, as nicely discussed by Lichenstein and co-authors in 

this issue (Lichenstein et al., 2016), developmental changes in the brain, including those within 

the prefrontal cortex (PFC), contribute to age-specific behavioral characteristics of adolescence, 

including an increase in the propensity to use drugs and exaggerated sensitivity to stress (Romeo 

and McEwen, 2006; Spear, 2000).  

Schizophrenia is regarded as a neurodevelopmental disorder in which alterations start 

early in development and culminate in the emergence of psychosis usually during late 

adolescence or adulthood.  Individuals suffering from schizophrenia manifest a range of 

behavioral changes, including positive symptoms (symptoms added on to a normal personality, 

such as hallucinations and delusions), negative symptoms (characteristics missing, such as social 

interactions and motivation), as well as cognitive impairment.  Cognitive deficits and negative 

symptoms are present even before the onset of psychosis and are frequently associated with poor 

functional outcome (Lesh et al., 2011; Kahn et al., 2015).  Although the current management 

goals with antipsychotics are restricted to improving positive symptoms, the amelioration of 

negative and cognitive symptoms remain a largely unmet medical need (Kahn et al., 2015). 

While schizophrenia is a uniquely human disorder which its etiology and 

pathophysiology are not completely known, it is amenable to study in animal models with 

appropriate limitations.  Therefore, one can glean from human imaging and pharmacological 

studies which systems seem to have a primary involvement in the disorder (e.g., hippocampus, 

prefrontal cortex, dopamine), and examine in animals how these systems function in the normal 

state (Modinos et al., 2015).  We can also incorporate information regarding genetic and 

environmental risk factors into rodent models to examine how these can negatively impact the 



normal balance present in these systems.  Therefore, a give-and-take between clinical imaging 

and pharmacological studies and normal and developmental rodent models can be an effective 

strategy for advancing the field.  

Several developmental disruption models have been advanced, including early life 

immune activation, neonatal ventral hippocampal lesions, and the MAM model; nonetheless, 

despite the multifaceted mechanisms used by such interventions, the adult animal 

pathophysiology is remarkably similar in nature (Meyer and Feldon, 2009; Modinos et al., 2015; 

Tseng et al., 2009). Importantly, this is consistent with the concept that schizophrenia is a 

disorder with multiple etiologies. 

It is commonly accepted that both genetic and environmental factors contribute to the 

development of schizophrenia.  Given that, currently, no universal genetic biomarker of the risk 

of transition into psychosis is available (Millan et al., 2016) and the fact that the opportunity for 

intervention on environmental factors is clearly easier than on genes, the focus of this review will 

be on environmental risk factors.  Among them, stress sensitivity and exposure to drugs of abuse 

(such as cannabis) are linked to the later transition into psychosis (Kahn et al., 2015).  We will 

also discuss some neurodevelopmental underpinnings of risk for psychopathology during 

adolescence since an improved understanding of them is crucial for the development of better 

therapeutic approaches and interventions to prevent the transition to psychosis.  

To examine the pathophysiology of schizophrenia, we employ a neurodevelopmental 

disruption model that uses the mitotoxin methylazoxymethanol acetate (MAM), which is 

administered to pregnant rats at gestational day (GD) 17 and leads to aberrant methylation of 

DNA interfering with neurogenesis (Hoareau et al., 2006), which produces many characteristics 

consistent with schizophrenia-like deficits, including neuroanatomical changes (thinning of 

limbic cortices, parvalbumin (PV) loss), behavioral deficits (prepulse inhibition of startle, 

reversal learning, latent inhibition, social interaction) and pharmacologic responses (increased 

locomotion to amphetamine) in addition to an increase in VTA DA neuron population activity 

(i.e. number of DA neurons firing) that is driven by hyperactivity in the ventral hippocampus 

(Flagstad et al., 2004; Grace, 2015; Lodge and Grace, 2007; Moore et al., 2006). In addition, 

consistent with the onset of psychosis in schizophrenia patients, most of the alterations related to 

the positive symptoms become evident only after puberty, while social withdrawal and cognitive 

deficits are present both before and after puberty (summarized in Table 1). Thus, this model is 



ideal for exploring the link between altered embryonic neurogenesis and the transition into a 

schizophrenia-like phenotype in the adult. Using this model, we review recent findings regarding 

modulation of DA dysregulation in the context of schizophrenia.  We highlight studies 

suggesting that the peripubertal period, corresponding to mid- to late- adolescence in humans, 

constitutes a sensitive period for the etiology of schizophrenia and discuss how environmental 

factors influencing the DA system may confer risk towards onset of schizophrenia-like deficits.  

Furthermore, we review novel peripubertal interventions that have been shown to prevent and/or 

attenuate the emergence of neurobehavioral phenotypes that parallel deficits in schizophrenia.  

 

2. Adolescent Changes in the Dopamine System: Focus on Dopamine Control of PFC 

Activity 

In addition to early neurodevelopmental processes, such as cell migration and 

differentiation, the development of brain circuits during adolescence is of clear importance for 

schizophrenia and other psychiatric disorders. 

Adolescence is accompanied by maturational processes in the cortical and limbic circuits 

(Spear, 2000), which are characterized by neuronal maturation and rearrangement processes, 

such as myelination, synaptic pruning, and dendritic plasticity (De Bellis et al., 2001).  Also, 

maturation of neurotransmitter systems such as the glutamatergic, the dopaminergic, and the 

GABAergic systems within the PFC occur during this period (Spear, 2000).  These maturational 

processes are essential for normal adult behavioral performance and can also be disrupted by 

environmental factors (Andersen, 2003).  

Normal PFC function is dependent on the interplay of several neuronal types and their 

modulation by afferents.  Glutamate pyramidal neurons are the primary PFC output and their 

activity is regulated by local inhibitory GABAergic interneurons as well as by excitatory 

projections from other pyramidal neurons, enabling the synchronization of cortical neuron 

activity. Thus, PFC function depends on a proper excitation-inhibition balance.  Many aspects of 

this circuitry change during adolescence (O'Donnell, 2010).  

In non-human primates, the density of GABA interneuron processes increases during 

adolescence and then markedly declines (Erickson and Lewis, 2002; Lewis, 1997).  Human 

studies have documented the maturation of GABA interneuron circuits during adolescence as 

well (Uhlhaas et al., 2009).  The DA system also undergoes significant alterations during 



adolescence.  In non-human primates, concentrations of DA shift gradually toward anterior 

regions until adolescence, when DA concentrations are highest in the prefrontal cortex (Irwin et 

al., 1994).  The density of DA innervation of the medial PFC (mPFC) in macaques, assessed with 

tyrosine hydroxylase staining, rises during the preadolescent period until adolescence and then 

declines (Rosenberg and Lewis, 1995).  DA receptors also change postnatally.  The density of 

D1, D2, and D4 receptors increases progressively until adolescence in rats (Tarazi and 

Baldessarini, 2000), and then at least D1 receptors are pruned (Andersen et al., 2000).  

The efficacy of the excitation–inhibition balance in the PFC is adjusted by DA during 

adolescence (O'Donnell, 2010).  Previous studies by O’Donnell and colleagues have 

demonstrated dramatic differences in the response to dopamine ligands in preadolescent rats 

when compared to adult rats (O'Donnell, 2010, 2011; Tseng and O'Donnell, 2007a, b).  Whereas 

D1 agonists were able to excite, at both prepubertal and post adolescent ages, the fast-spiking 

interneurons which are identified by their content of the calcium-binding protein parvalbumin 

(PV), D2 activation switches from being mildly inhibitory prepubertally to strongly excitatory in 

young adult rats (Tseng and O'Donnell, 2007a, b).  Changes in the DA modulation of pyramidal 

neuron ability to sustain persistent activity during adolescence have also been observed. D1 

modulation of responses mediated by N-methyl-aspartate (NMDA) receptors in PFC pyramidal 

neurons revealed that although D1 agonists enhance NMDA responses in all age groups (Tseng 

and O'Donnell, 2004; Wang and O'Donnell, 2001), the ability to induce persistent 

depolarizations resembling up states by D1-NMDA co-activation emerges only during early 

adolescence (Tseng and O'Donnell, 2005).  Altogether, these data have been interpreted as 

evidence that circuitries that underlie excitation–inhibition balance within PFC seems to be 

refined in their connectivity in the transition to young adult stages (O'Donnell, 2012).  This 

change would produce a more effective filtering out of irrelevant information in the adult PFC. 

Given that DA–glutamate-GABA interactions within the PFC continue to develop after 

puberty (O'Donnell, 2010), a disruption on the development of these interactions during this 

period could result in dramatic changes responsible for functional and behavioral deficits 

relevant to schizophrenia as suggested by rodent models (O'Donnell, 2011).  Such changes are 

likely implicated in the clinical onset of symptoms that takes place typically in late adolescence 

or early adulthood.  However, the mechanisms underlying the development of pathological 

changes that cause the syndrome to develop during this time are still not fully understood.  



Additionally, this significant age-dependent dynamic range of alterations in the cortical networks 

may confer the adolescent brain with enhanced vulnerability to environmental stimuli, such as 

stress and drugs of abuse (Lewis et al., 2012; Uhlhaas, 2013). For example it could be that 

genetic predisposition leads to deficits in cortical regulation of stress, or it could be that 

environmental stressors lead to system disruption, or a combination of both factors, with the 

latter being the most accepted model. 

 

3. Regulation of Dopamine System Function 

The DA system is unique among the brain’s modulatory systems in that it has discrete 

projections to brain regions implicated in a variety of functions ranging from motor behaviors to 

affect and cognition (Grace, 2016).  This is because the DA system consists of a number of 

subcomponents that are topographically distinct with respect to their location, projection site, and 

function.  In the rat, for example, the most medial portion of the midbrain DA system is the 

ventral tegmental area (VTA), which projects to the reward-related nucleus accumbens/ventral 

striatum.  However, at the transition between the lateral VTA and the substantia nigra (SN) are 

DA neurons in lateral VTA that project to associative striatum, and lateral SN projecting 

primarily to the motor- and habit-formation related dorsolateral and dorsomedial striatum, 

respectively (Ikemoto, 2007). Thus, DA neurons that have distinct projection sites and afferent 

drive are capable of independently regulating activity states and modulating information flow 

discretely in separate circuits with distinct functions (Grace et al., 2007). 

VTA DA neurons exhibit several activity states that are regulated by multiple afferent 

systems and have important functional implications (Figure 1).  In vivo studies in awake and 

anesthetized rats have shown that approximately half of VTA DA neurons are not firing 

spontaneously (Freeman and Bunney, 1987; Freeman et al., 1985; Grace and Bunney, 1984b).  

Of those DA neurons that are firing, the firing can take the form of single-spike discharge or 

burst firing.  Single-spike firing in midbrain DA neurons is characterized by a slow irregular 

tonic firing pattern (i.e. tonic activity) (Grace and Bunney, 1984b, 1985).  Behaviorally salient 

stimuli, such as presentation of an unexpected reward or a stimulus associated with a rewarding 

(Schultz, 1998) or aversive (Lammel et al., 2011) event, trigger a transition into a rapid burst-

firing mode in these neurons (i.e. phasic firing) (Grace and Bunney, 1984a).  Thus, burst firing is 



the behaviorally relevant phasic response to stimuli and its amplitude is dependent on the number 

of DA neurons that are firing spontaneously. 

These two activity states are regulated by different systems (Figure 1).  Tonic firing is 

modulated by a powerful GABAergic input from the ventral pallidum (VP), which is capable of 

hyperpolarizing the neuron below threshold for firing. In this manner, the VP controls the 

proportion of DA neurons that are firing spontaneously (Floresco et al., 2003), which is referred 

to as tonic firing or population activity.  An important regulatory pathway arises from the ventral 

subiculum (vSub) of the hippocampus; thus, activation of the vSub drives neuronal firing in the 

nucleus accumbens (NAc), which, in turn, inhibits the VP and releases dopamine neurons from 

inhibition.  This pathway controls the tonic baseline state of the dopamine system (Figure 1) 

(Grace, 2012; Grace et al., 2007). 

Burst firing is driven by a glutamatergic input arising primarily from the brainstem 

pedunculopontine tegmentum (PPTg) acting on NMDA receptors (Floresco et al., 2003; Grace, 

2012).  Given that burst firing is potently driven by glutamate actions on NMDA receptors 

(Chergui et al., 1993) and that NMDA receptors are only activated on neurons that are 

depolarized, only spontaneously active DA neurons are capable of transitioning to burst (i.e. 

phasic) firing.  This is because if the neuron is hyperpolarized, there is a magnesium block of the 

NMDA channel that prevents activation (Mayer et al., 1984).  Thus, in order for glutamate to 

activate NMDA receptors and drive burst firing, the neurons must be in a depolarized, 

spontaneously active state (i.e. tonic activity).  Collectively, these data indicate that tonic activity 

is an important parameter with respect to the functional output of the DA system, as it sets the 

level of responsivity of the system to more rapid phasic stimuli (Lodge and Grace, 2006).  For 

this reason, we suggest that the proportion of DA neurons that are spontaneously active sets the 

baseline tone of responsivity of the DA system, thereby serving as the “gain” for the phasic 

response (Grace, 2012). 

In sum, in their basal state, spontaneously active DA neurons discharge in a slow, 

irregular tonic firing pattern.  The behaviorally salient, rapid phasic response of DA neurons is 

represented by burst firing, although burst firing only occurs in neurons that exhibit tonic 

activity.  The number of DA neurons firing (i.e. tonic or population activity) is controlled by a 

potent GABAergic input from the VP that holds a subset of neurons in a non-firing state.  

Therefore, the PPTg drives the phasic burst firing, whereas the VP controls the number of DA 



neurons that can be driven to burst firing in such a way that the amplitude of the response 

depends on the level of tonic activity of the DA system, which represents the gain (Figure 1) 

(Grace et al., 2007). 

 

 

4. Dopamine System Dysregulation in a Neurodevelopmental Model of Schizophrenia 

Increased activity in the DA system (i.e. DA hyperresponsivity) is thought to underlie the 

psychotic symptoms of schizophrenia.  This has been best exemplified by the use of 

antipsychotic drugs, all of which are D2 antagonists, to treat schizophrenia (Kapur and 

Remington, 2001).  Furthermore, repeated and/or high doses of drugs that release DA or increase 

DA neurotransmission (i.e. DA agonists) induce psychotic symptoms in healthy individuals and 

exacerbate psychosis in schizophrenia patients (Angrist et al., 1974; Janowsky et al., 1978).  

Neuroimaging studies have demonstrated enhanced fluorodopa uptake in patients with 

schizophrenia as well as increased amphetamine-induced DA release, as measured by raclopride 

displacement, in the striatum of schizophrenia patients compared with controls; the amplitude of 

these increases is correlated with severity of symptoms and the worsening of psychosis (Howes 

et al., 2009; Laruelle and Abi-Dargham, 1999). Relevant to prevention and early intervention in 

schizophrenia is the fact that striatal dopamine synthesis capacity seems to be elevated in ultra-

high-risk patients who went on to develop psychosis, suggesting that the onset of psychosis is 

preceded by presynaptic dopaminergic dysfunction (Howes et. al, 2011). Furthermore, in the 

psychotic transition group, there was a direct relationship between the magnitude of 

dopaminergic dysfunction and the severity of prodromal symptoms. Collectively, these findings 

establish a strong link between DA transmission and the positive psychotic symptoms of 

schizophrenia (Guillin et al., 2007).  However, there is little evidence for a dysfunction within 

the DA system itself; instead, focus has been turned into a dysregulation of the DA system by 

afferent structures. 

 One of these structures is the hippocampus, which is also pivotal in the pathophysiology 

of schizophrenia (Harrison, 2004; Herold et al., 2013).  Neuroimaging studies have revealed that 

the anterior hippocampus, which is functionally equivalent to the ventral hippocampus in rodents 

(Grace, 2012), is hyperactive in schizophrenia (Heckers and Konradi, 2015), and the 

hyperactivity corresponds to psychosis (Silbersweig et al., 1995).  Moreover, postmortem studies 



have shown that schizophrenia patients exhibit a substantial reduction of PV in GABAergic 

interneurons of the hippocampus (Benes et al., 2007; Konradi et al., 2011), but also of the PFC 

(Beasley et al., 2002; Kalus et al., 2002; Lewis et al., 2001).  This PV loss is thought to disrupt 

inhibitory networks and contribute to the hyperactivity and loss of evoked gamma rhythms 

within the PFC and the hippocampus (Koenig et al., 2012; Lisman et al., 2008; Spencer et al., 

2003; Volk and Lewis, 2010).  Deficits in prefrontal cortical function likely contribute to 

cognitive impairments and working memory deficits (Gonzalez-Burgos et al., 2015), whereas 

aberrant hippocampal function is associated with positive symptom severity (Schobel et al., 

2009). 

Similar observations have been seen in a variety of animal models of schizophrenia, 

suggesting that hippocampal overdrive leads to a hyper-responsive DA state.  The developmental 

disruption model based on the administration of MAM on GD 17 produces a number of features 

consistent with the pathophysiology of schizophrenia, including DA and hippocampal 

hyperactivity as well as a loss of PV neuron function.  In these rats, the hippocampus is 

hyperactive based on cell firing and rhythmic activity, and this pathologically enhanced drive 

from the vSub results in a doubling in the number of spontaneously firing DA neurons in the 

VTA (i.e. higher population activity) (Lodge and Grace, 2007).  vSub inactivation completely 

abolished elevated DA population activity in MAM rats, thereby establishing a causal link 

between excessive hippocampal activity and DA system hyper-responsivity in MAM rats.  Like 

schizophrenia patients, MAM animals also exhibit a reduction in PV-expressing interneurons 

within the vSub and PFC and display deficits in gamma oscillatory activity (Gill and Grace, 

2014; Lodge et al., 2009).  En masse, these data indicate that a loss of PV interneuron function in 

the vSub results in alterations in vSub output that drives a hyper-responsive DA system that 

underlies the positive symptoms of schizophrenia (Grace, submitted).  

 

5. Environmental factors contributing to adolescent onset of schizophrenia-like deficits 

Schizophrenia is a developmental disorder that typically manifests in adolescence or 

early adulthood (Harrop and Trower, 2001).  Indeed, most subjects diagnosed with schizophrenia 

experience their first psychotic break in late adolescence or early adulthood (Lieberman, 2006), 

suggesting that adolescence is a critical period for schizophrenia (Selemon and Zecevic, 2015).  

Converging evidence from clinical and preclinical studies have highlighted an important role for 



environmental factors, such as exposure to stress and drugs of abuse, during developmentally 

sensitive periods as risk factors for the emergence of psychiatric disorders, including 

schizophrenia (Thompson et al., 2004; van Os et al., 2010).  Notably, both of these factors can 

have long-term effects on DA responsivity (Belujon and Grace, 2015; Burke and Miczek, 2014; 

Thompson et al., 2004).  Adolescence is a time when stress reactivity is high and the stress 

response systems of hypothalamic-pituitary adrenal (HPA) axis are still undergoing maturation 

(Romeo and McEwen, 2006) and it is also a time of increased experimentation with drugs of 

abuse (Spear, 2000); therefore, we focus on these two factors within the context of the MAM 

model of schizophrenia. 

5.1 Developmental Stress  

Stress is a known risk factor for the onset of a variety of psychiatric illnesses (de Kloet et 

al., 2005; Lupien et al., 2009). Indeed, the onset of schizophrenia during adolescence or early 

adulthood is often associated with stressful life events (Holtzman et al., 2013), which can 

precipitate or exacerbate the psychotic symptoms of schizophrenia (Corcoran et al., 2003; 

Phillips et al., 2007; Sinclair et al., 2014; Walker et al., 2008).  This may be due to deleterious 

effects of stress in the hippocampus (Sapolsky, 1996) and PV neurons (Czeh et al., 2005), both 

of which are critical for DA system pathology characteristic of schizophrenia.  

In humans, young individuals that are at high risk for schizophrenia experience 

abnormally high reactivity to stress (Pruessner et al., 2011) and are more likely to develop 

psychosis if they have decreased tolerance to stress (Yung et al., 2005).  This increased 

responsivity to stressors is also observed in rodent models of schizophrenia.  For example, 

adolescent stress unmasked latent schizophrenia-like signs in mice exposed to prenatal immune 

activation (Giovanoli et al., 2013).  Also, we observed that juvenile MAM rats emitted 

significantly more 22 kHz vocalizations (i.e. alarm calls), spent more time vocalizing, emitted 

calls at a higher rate and showed greater freezing in response to acute footshock stress compared 

to controls and older (i.e. adult) animals (Zimmerman et al., 2013).  Moreover, adolescent MAM 

rats showed a disruption in HPA axis function, as indicated by blunted corticosterone secretion 

in response to acute footshock that persisted after 10 days of stress exposure.  Furthermore, 

adolescent MAM rats displayed higher levels of anxiety-like behavior in the elevated plus-maze 

(Du and Grace, 2013).  Collectively, these findings suggest that juvenile and adolescent MAM 

rats are more sensitive to the effects of stress. Importantly, these findings are consistent with 



epidemiological studies of adolescents at risk for schizophrenia indicating that those who show 

high stress sensitivity and increased anxiety tended to be those that eventually converted to 

schizophrenia later in life (Devylder et al., 2013; Owens et al., 2005).  

Increased anxiety and responsivity to stressors was found to correlate with amygdala 

hyperactivity in adolescent MAM animals (Du and Grace, 2016a), suggesting that amygdala 

stress-induced hyperactivity during adolescence may lead to loss of vSub PV neuron function.  

Since amygdala responsivity is potently regulated by the mPFC (Rosenkranz et al., 2003), yet 

another structure implicated in the etiology of schizophrenia (Tse et al., 2015; Volk and Lewis, 

2010), it seems plausible that failure of the mPFC to mitigate the effects of stress during this 

period may trigger PV loss in the vSub, thereby leading to hippocampal hyperactivity and DA 

system overdrive, along with disruption of other hippocampal targets underlying the negative 

symptoms of schizophrenia (Thompson et al., 2004). Additionally, it is well-known that stressful 

events lead to oxidative stress which is characterized by a disturbance in the balance between the 

production of reactive oxygen species and antioxidant defenses.  Interestingly, increased 

oxidative stress at the end of adolescence/early adulthood has been implicated in PV loss in the 

vSub (Steullet et al., 2010).  Given that pubertal/adolescent stress is a contributing factor in the 

transition to psychosis, controlling stress during this vulnerable period may circumvent these 

pathological changes and prevent the emergence of psychosis later in life (Figure 2).   

 

5.2 Adolescent cannabis exposure 

Adolescence seems to be a vulnerable developmental period for the consequences of 

cannabis exposure (Schneider, 2008), and evidence suggests that early cannabis use is associated 

with increased risk of adverse developmental outcomes (Silins et al., 2014).  Additionally, it has 

been shown that those with an established vulnerability to psychotic disorders are especially 

sensitive to the effects of cannabis (van Os et al., 2002).  

In fact, animal studies showed that combining a neonatal PFC lesion with repeated 

pubertal cannabinoid administration resulted in higher impairment in social behavior (Schneider 

and Koch, 2005) and object recognition memory (Schneider and Koch, 2007).  Furthermore, 

adolescent exposure to Δ9-tetrahydrocannabinol, the major psychotomimetic compound present 

in cannabis, worsened disruption of prepulse inhibition induced by isolation rearing (Malone and 

Taylor, 2006), suggesting that adolescent cannabinoid administration in vulnerable individuals 



might induce enhanced behavioral disturbances.  Recently, we evaluated if cannabinoid exposure 

during adolescence would exacerbate schizophrenia-like signs in control versus MAM rats 

(Gomes et al., 2015).  As expected, MAM-treated rats showed deficits in behavioral flexibility, 

augmented locomotor response to amphetamine and increased number of spontaneously active 

DA neurons in the VTA. Interestingly, pubertal treatment with the CB1/2 receptor agonist 

WIN55,212-2, from PD40 through PD65, in normal animals induced similar changes at 

adulthood as those observed in MAM rats, supporting the notion that adolescence exposure to 

cannabinoids may represent a risk factor for developing schizophrenia-like signs.  The factors 

responsible for these changes have not been delineated.  But, similar to MAM rats, there is 

evidence indicating that cannabinoid exposure during adolescence may induce PV loss 

(Zamberletti et al., 2014). 

Contrary to our expectations, WIN55,212-2 treatment did not exacerbate the changes 

observed in MAM-treated rats. Intriguingly, although WIN55,212-2-treated MAM rats showed a 

higher number of spontaneously active DA neurons in the VTA that was similar to vehicle-

treated MAM rats, adolescent WIN55,212-2 exposure in MAM rats tended to normalize the 

amphetamine-induced hyperlocomotion (Gomes et al., 2015).  The reason for this is unclear, 

particularly given that it has been consistently shown that there are parallel changes between the 

number of DA neurons firing spontaneously in the VTA and locomotor response to 

amphetamine.  This suggests that the pubertal exposure to WIN55,212-2 in MAM rats may have 

induced compensatory changes that are downstream from DA neuron activity.  However, this 

needs to be further investigated. 

While epidemiological studies indicate an association between cannabis use and 

susceptibility to schizophrenia (Casadio et al., 2011; Silins et al., 2014), it would be a challenge 

to evaluate if subgroups of patients that may develop schizophrenia are protected by cannabis use 

since it would require a large prospective study employing a still tightly controlled substance.  

Given data suggesting that cannabis may have anxiolytic actions, it may be that in a state of 

increased anxiety cannabis exposure can mitigate the effects of stress; alternately, the increased 

DA drive produced by the cannabinoid agonist during adolescence may desensitize the 

postsynaptic response to amphetamine in MAM rats despite the presence of maximal DA neuron 

activity.  Therefore, it is clear that the relationship between cannabinoid exposure and 

susceptibility to disease states in rodent models is more complex than may be predicted, and it is 



not readily evident whether one can predict if cannabis will have protective or deleterious effects 

in a given individual. 

 

 

6. Prevention of schizophrenia-like deficits in animal models by peripubertal/adolescent 

intervention  

The use of antipsychotic drugs as a treatment for schizophrenia has several limitations. 

For example, antipsychotic administration may produce unwanted side effects, and this mode of 

treatment suffers from low efficacy (Lieberman et al., 2005).  Furthermore, there is substantial 

evidence suggesting that the biological changes underlying the development of schizophrenia 

may already be active in the prepsychotic (i.e. prodromal) phase (Phillips et al., 2002).  

Moreover, there is evidence showing that the duration of untreated psychosis is associated with a 

worsened prognosis in schizophrenia (Wyatt et al., 1997).  This period involves increasing 

symptoms and gradual functional decline that begin several months to years before clinical onset 

and constitutes a critical period for preventive efforts (Addington and Heinssen, 2012; Goulding 

et al., 2013).  Thus, a better approach may be to develop preventive interventions that target the 

prepsychotic phase (i.e. prodromal period), which may prevent the transition to psychosis in 

susceptible individuals at risk for schizophrenia (Birchwood and Macmillan, 1993; Phillips et al., 

2002).  In addition to MAM rats, this idea has been applied in other two animal models of 

schizophrenia based on neurodevelopmental disruption, the neonatal ventral hippocampus lesion 

(NVHL) and maternal immune activation (MIA).  While the NVHL model involves 

experimental ibotenic acid lesions of the ventral hippocampus in neonatal rats (PD7-9) 

(O'Donnell, 2012), the MIA is based on the premise that maternal exposure to infection in 

pregnancy would increase risk for developing schizophrenia in the offspring (Meyer and Feldon, 

2010).  The most commonly used and well-established MIA model involves the administration 

of the viral mimic polyriboinosinic-polyribocytidilic acid (Poly I:C) to pregnant rodents (Meyer 

and Feldon, 2010).  Both models produce a variety of behavioral and neurochemical 

abnormalities resembling schizophrenia that emerge after puberty (for review, (Meyer and 

Feldon, 2010; O'Donnell, 2012)).  Similar to MAM rats, a loss of PV, enhanced DA system 

responsivity and excessive reactivity to stress have also been observed in these two models 

(Cabungcal et al., 2014; Meyer et al., 2008; Tseng et al., 2009).  Below, we review recent studies 



regarding the effects of prepubertal and adolescent interventions on these rodent models (Table 

2).   

 

6.1 Diazepam As discussed in the previous section, MAM rats exhibit disrupted stress 

responsivity during early development (Zimmerman et al., 2013).  Given the role of stress in the 

etiology of schizophrenia (Corcoran et al., 2003; Holtzman et al., 2013), it seems plausible that 

one may be able to attenuate schizophrenia-like brain and behavioral abnormalities by targeting 

aberrant stress responsivity during the peripubertal period.  This idea was tested by 

peripubertally treating MAM animals with the anxiolytic drug diazepam.  In MAM rats, 

peripubertal (PND31-40) diazepam administration reversed adolescent anxiety-like behavior in 

the EPM, and prevented the increase in VTA DA population activity and blunted the behavioral 

hyperresponsivity to amphetamine during adulthood (Du and Grace, 2013).  In addition, 

peripubertal diazepam treatment reduced freezing behaviors induced by conditioned stimuli 

(CS), and normalized atypical (i.e. higher) neuronal firing rates within the basolateral amygdala 

(BLA) of MAM rats during both the peripubertal and adult period (Du and Grace, 2016a).  

Peripubertal diazepam administration attenuated the CS-induced increase in BLA theta power in 

adult animals, suggesting a persistent normalization of this structure by this treatment.  

Furthermore, although MAM rats exhibit a reduction of PV content but not PV interneurons in 

the hippocampus evident by PND27 (Gill and Grace, 2014; Lodge et al., 2009), rats treated with 

diazepam peripubertally had more PV interneurons in the vSub of the hippocampus compared to 

MAM rats without this treatment (Du and Grace, 2016b).  A similar pattern was observed for the 

density of PV interneurons, in which MAM rats with peripubertal administration of diazepam 

had higher density, albeit significantly lower than control rats.  Therefore, it appears that 

peripubertal diazepam administration effectively protects some of the PV loss known to occur in 

the hippocampus of MAM animals (Gill and Grace, 2014; Lodge et al., 2009).  In sum, this work 

suggests that MAM treatment makes animals more susceptible to the deleterious effects of stress 

and that controlling (i.e. attenuating) stress responses during the peripubertal period may 

circumvent the process leading to the emergence of behavioral abnormalities and 

hyperdopaminergic state observed in adult MAM rats (Du and Grace, 2013; 2016b).  Although 

an absence of effects induced by diazepam treatment to adult MAM animals would underscore 



that adolescence is as period of particular opportunity for intervention, these studies looked only 

at adolescent diazepam treatment. 

 

6.2 Antipsychotics In addition to several ethical concerns, studies in individuals in the early 

clinical stages of the schizophrenia yet before the development of the full clinical phenotype do 

not support a prophylactic effect of the treatment with atypical antipsychotic drugs reduce the 

risk of progression to first-episode psychosis beyond the period of active treatment (McGlashan 

et al., 2006; McGorry et al., 2002).  In animals, clozapine and risperidone (0.045 and 1.2 mg/kg) 

treatment during adolescence/early adulthood in animals exposed to prenatal immune activation 

prevented structural and behavioral abnormalities associated with schizophrenia (Piontkewitz et 

al., 2011; Piontkewitz et al., 2009; Piontkewitz et al., 2012b).  The treatment with the same low 

dose of risperidone on PD35-56 in NVHL rats prevented amphetamine-induced hyperlocomotion 

(Richtand et al., 2006).  Additionally, using the MIA model, it was observed that clozapine and 

risperidone (low dose) treatment were devoid of any negative effects in control offspring. On the 

other hand, haloperidol and risperidone at a high dose, while being effective in Poly I:C 

offspring, were shown to induce deleterious effects in controls (Meyer et al., 2010; Piontkewitz 

et al., 2011).  However, how these drugs produced this impact is unclear, given that there is no 

evidence for a hyperdopaminergic state at this period (Moore et al., 2006).  Instead, this may be 

related to the HPA axis suppression associated with these drugs (Walker et al., 2008).  These 

results underscore the need to screen a variety of compounds and doses in prevention studies in 

animal models. 

 

6.3 Antidepressants Antidepressants have been reported to be beneficial to treatment of 

prodromal schizophrenia in adolescents (Cornblatt et al., 2007).  In subjects at high clinical risk 

for psychosis, the combination of cognitive behavioral therapy and antidepressants was 

associated with a reduced risk of transition to psychosis (Fusar-Poli et al., 2015).  In animals, 

fluoxetine treatment to adolescent rats in the MIA model of schizophrenia normalized prepulse 

inhibition disruption and enhanced locomotor response to amphetamine at adulthood (Meyer et 

al., 2010).  However, at the same time, similar to that observed with the antipsychotics 

haloperidol and risperidone, repeated fluoxetine induced negative effects on normal behavioral in 

control subjects, such as a disrupted latent inhibition and increased locomotor response to the 



NMDA receptor antagonist MK-801 (Meyer et al., 2010).  Effects induced by antidepressant 

treatment to adult animals in the MIA model were not investigated. 

 

6.4 Cognitive training  Cognitive impairment is a core feature of schizophrenia and is frequently 

associated with poor long-term functional outcome (Elvevag and Goldberg, 2000; Lesh et al., 

2011).  Interestingly, it was observed that cognitive training during adolescence prevented the 

cognitive impairment in adult NVHL rats and the benefits generalized beyond the training task.  

This early training also normalized brain function assessed by interhippocampal synchrony of 

cognition-related neural oscillations (Lee et al., 2012).  These findings indicate that prophylactic 

cognitive therapy at an early age can offer promise for improving functional outcomes of people 

at risk for schizophrenia. Indeed, the benefits of cognitive remediation therapy are greater in 

younger patients (Wykes et al., 2009).  These data indicate that intervention strategies may not 

be limited to medications. 

 

6.5 Antioxidants Several environmental risk factors for schizophrenia lead to increased 

oxidative stress, alteration of antioxidant systems, and often permanently decreased PV 

expression (Do et al., 2015).  As discussed above, PV cells are sensitive to severe stress (Czeh et 

al., 2005; Milner et al., 2013).  The PV impairment after environmental trauma could be 

mediated by oxidative stress. Indeed, it was shown that superoxide overproduction causes the 

decrease in PV expression in an NMDA receptor hypofunction model of schizophrenia and 

social isolated animals (Behrens et al., 2007; Harte et al., 2007; Schiavone et al., 2009), 

suggesting that redox dysregulation could affect PV interneurons.  

A large postnatal treatment with the antioxidant N-acetyl cysteine that started prior to the 

ventral hippocampus lesion and continued through early adulthood (PD5-PD50) prevented the 

loss of PV in the PFC, as well as circumvented electrophysiological and behavioral deficits 

(prepulse inhibition and mismatch negativity disruption) relevant to schizophrenia in NVHL rats 

at adulthood (Cabungcal et al., 2014).  A reversal of PPI deficits was also observed after juvenile 

and adolescent treatment with two other antioxidants, ebselen and apocynin. Interestingly, while 

most of the schizophrenia-like changes in NVHL rats become evident only after puberty, an 

enhanced oxidative stress was observed at PD21 (Cabungcal et al., 2014), indicating that a redox 

dysregulation during a critical developmental period can disrupt normal PV interneuron 



maturation resulting in the electrophysiological and behavioral deficits.  Therefore, the authors 

suggest that presymptomatic oxidative stress yields abnormal adult brain function in a 

developmentally compromised brain, indicating the redox modulation as a potential target for 

early intervention. Moreover, evidence showing that immature PV interneurons may have a less 

robust antioxidant defense system could explain why early intervention is required. Indeed, the 

vulnerability of PFC immature PV interneurons is associated with the absence of fully mature 

perineuronal nets, which protects these cells against oxidative stress (Cabungcal et al., 2013; Do 

et al., 2015).  

 

6.6 Anti-inflammatory drugs The involvement of inflammatory changes in the pathophysiology 

of schizophrenia has been recently highlighted (Kirkpatrick and Miller, 2013).  It has also been 

suggested that anti-inflammatory drugs may be used as adjunct treatment in schizophrenia 

(Sommer et al., 2014).  Also, data from rodent models show that the early attenuation of 

inflammation prevents schizophrenia-like signs at adulthood.  For example, in rats exposed to 

prenatal immune activation celecoxib treatment during adolescence prevented the increased 

locomotor response to MK-801 at adulthood (Zavitsanou et al., 2014).  In humans, celecoxib was 

effective when used as an add-on treatment to antipsychotic in early onset schizophrenia (Muller 

et al., 2010) but not in chronic schizophrenia (Rapaport et al., 2005), suggesting that the earlier 

the intervention the better the outcome. 

 

7. Conclusion  

Adolescence is a period of marked change in brain circuits that enable the transition from 

adolescent impulsivity and reckless behavior into more effective adult coping strategies.  As 

such, this represents a time during which an organism can test the limits of the environment and 

decide on the best actions to ensure survival and success.  However, this is also a time of 

enhanced plasticity in brain circuits, in which deleterious environmental impacts can lead to 

disruption of system stability and the emergence of psychiatric disorders.  Schizophrenia, as with 

many other disorders, is believed to arise from a combination of a genetic predisposition and an 

environmental insult.  Therefore, unlike Huntington’s disease, in which the presence of a genetic 

deficit is always associated with later emergence of pathology, in the case of schizophrenia what 



seems to be inherited is a predisposition to the disorder, with environmental factors flipping the 

switch between normal and pathological states.  Our studies in the MAM rat show that MAM 

does not “cause” schizophrenia.  Instead, the presence of heightened response to stressors 

peripubertally and the ability to circumvent the transition to a schizophrenia-like state by stress 

attenuation during this period suggests that the MAM instead is causing the rat to show 

heightened stress responsivity, with the stress leading to PV loss and emergence of psychosis 

(Grace, submitted) (Figure 2). There have been a number of studies that have attempted to find 

the risk genes for schizophrenia, with limited success.  Our results suggest that a more effective 

approach may be to examine which genes predispose the individual to heightened stress 

responses as an antecedent to schizophrenia.  This, combined with behavioral screens for stress 

responsivity in at-risk individuals may point to a more effective intervention of stress alleviation 

during the critical adolescent period that may prevent PV neuron loss and the transition to 

schizophrenia in adulthood. 
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Figure legends 

Figure 1 - Tonic and phasic dopamine (DA) neuron regulation. DA neurons are known to 

generate their own activity through a pacemaker conductance. However, a substantial population 

of DA neurons is not firing spontaneously, being held in a hyperpolarized state by GABA-

mediated inhibitory inputs from the ventral pallidum (VP). The VP, in turn, is controlled by a 

pathway originating in the ventral subiculum (vSub) of the hippocampus. The vSub projects to 

the nucleus accumbens (NAc), which in turn inhibits the VP. Therefore, when the vSub is 

excited, it drives NAc inhibition of the VP, releasing the dopamine neurons from inhibition. By 

contrast, phasic burst firing is dependent on glutamatergic inputs arising from several areas, 

primary among these being the pedunculopontine tegmentum (PPTg). This afferent system 

works to regulate activity states within the population of DA neurons, because only neurons that 

are firing spontaneously can burst fire; hyperpolarized neurons have a magnesium block of the 

NMDA channel and won’t change state. Therefore the PPTg provides the phasic signal, whereas 

the VP, by controlling the number of DA neurons firing, determines the tonic gain.  

 

Figure 2 - Genetic predisposition would heighten stress responsivity during adolescence. 

Extreme stress exposure leads to parvalbumin (PV) loss in the ventral subiculum (vSub) of 

hippocampus, which can be a consequence of enhanced oxidative stress. This PV loss 

contributes to the vSub hyperactivity and, consequently, alterations in vSub output (via nucleus 

accumbens and ventral pallidum; NAc-VP) that drives a hyper-responsive dopamine (DA) 

system in the ventral tegmental area (VTA) that underlies the emergence of psychosis at late 

http://topics.sciencedirect.com/topics/page/Hippocampus
http://topics.sciencedirect.com/topics/page/Nucleus_accumbens


adolescence/early adulthood. Thus, early interventions using stress management and antioxidants 

would be useful to prevent the transition into schizophrenia, while antipsychotics are effective at 

onset of psychosis. 
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Table 1 – Abnormalities observed in adolescent and adult MAM animals 

Test Adolescence Adulthood Reference 

Volume of the mPFC -  ↓ (Mackowiak et al., 2014) 

Volume of lateral and third ventricle ↑ ↑ (Chin et al., 2011) 

Social Interaction ↓ ↓ (Le Pen et al., 2006) 

Spatial recognition memory  - ↓ (Le Pen et al., 2006) 

PPI test - ↓ (Le Pen et al., 2006; 

Mackowiak et al., 2014) 

Locomotor response to MK-801 - ↑ (Le Pen et al., 2006) 

Locomotor response to amphetamine - ↑ (Chen et al., 2014; Moore 

et al., 2006) 

VTA DA neuron activity ↑ ↑ (Chen et al., 2014)  

PV loss in the hippocampus ↓ ↓ (Chen et al., 2014; Gill 

and Grace, 2014) 

GAD67 mRNA levels in the mPFC  ↓ (Mackowiak et al., 2014) 

Anxiety ↑ ↑ (Du and Grace, 2013) 

BLA activity  ↑ ↑ (Du and Grace, 2016a) 

Stress responsivity ↑ ↑ (Zimmerman et al., 2013) 

↓: impairment; ↑: increase; -: no change; BLA: basolateral amygdala; DA: dopamine; mPFC: medial 

prefrontal cortex; PPI: prepulse inhibition; PV: parvalbumin; VTA: ventral tegmental area 



Table 2 – Preventive interventions during juvenile/adolescence period in animal models 

based on neurodevelopmental disruption 

Intervention Period of 

intervention 

Animal model Preventive effects on Test age Reference 

Diazepam  

(5 mg/kg/day) 

PD31-40 MAM Heightened anxiety, AIH, PV loss, 

increased VTA DA neuron activity, BLA 

hyperactivity and CS-induced increase in 

BLA theta power 

>PD62 (Du and Grace, 2013; 

2016a and 2016b) 

Risperidone  

(0.045 mg/kg/day) 

PD35-56 NVHL AIH PD57 (Richtand et al., 

2006) 

Cognitive training PD35-37 NVHL Cognitive impairment and enhanced 

cognition-associated synchrony of neural 

oscillations between the hippocampi 

>PD60 (Lee et al., 2012) 

N-acetyl-cysteine 

(drinking water, 900 

mg/L) 

PD5-50 NVHL PPI and MMN disruption, PV loss, 

electrophysiological deficits in the PFC  

>PD60 (Cabungcal et al., 

2014) 

Ebselen 

(10 mg/kg/day) 

PD35-50 NVHL PPI impairment PD60 (Cabungcal et al., 

2014) 

Apocynin  

(drinking water, 750 

mg/L) 

PD5-50 NVHL PPI impairment PD60 (Cabungcal et al., 

2014) 

Clozapine  

(7.5 mg/kg/day) 

PD34-47 MIA (PolyI:C) Brain structural changes (ventricular 

enlargement, hippocampal reduction), LI 

impairment, and AIH  

>PD90 (Piontkewitz et al., 

2009) 

Risperidone  

(0.045 or 1.2 

mg/kg/day) 

PD34-47 or 

PD48-61 

MIA (PolyI:C) Brain structural changes (ventricular 

enlargement, hippocampal reduction, PV 

loss), LI impairment, and AIH  

>PD90 (Piontkewitz et al., 

2011, 2012a; 

Piontkewitz et al., 

2012b) 

Clozapine  

(15 mg/kg/day) 

PD35-65 MIA (PolyI:C) PPI and LI impairment  >PD90 (Meyer et al., 2010) 

Fluoxetine  

(20 mg/kg/day) 

PD35-65 MIA (PolyI:C) PPI impairment, and AIH  >PD90 (Meyer et al., 2010) 

Haloperidol  

(3 mg/kg/day) 

PD35-65 MIA (PolyI:C) LI impairment, and AIH  >PD90 (Meyer et al., 2010) 

Celecoxib (2.5-10 

mg/kg/day) 

PD35-46 MIA (PolyI:C) Locomotor response to MK-801 >PD90 (Zavitsanou et al., 

2014) 

AIH: amphetamine-induced hyperlocomotion; BLA: basolateral amygdala; CS: conditioned stimulus; 

DA: dopamine; LI: latent inhibition; MAM: methylazoxymethanol acetate model; MIA: maternal immune 

activation; MMN: mismatch negativity; NVHL: neonatal ventral hippocampus lesion; PD: postnatal day; 

PFC: prefrontal cortex; PPI: prepulse inhibition; PV: parvalbumin; VTA: ventral tegmental area.  


