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Abstract
The significance of investigating effects of deprivation of social experience in rodents is reviewed in the context of the review by Robbins et al (1996) in J. Psychopharmacology (10, 39-47). The early development of the paradigm by which rats were reared post-weaning in social isolation is described and compared with other early experience manipulations. The specification of the neural and behavioural phenotype of the isolate is brought up-to-date, focusing on changes in motivation and cognitive function, as well as on contrasting changes in the dopamine and serotonin systems, and in cortical (including hippocampal) structure and function. The relevance of the isolate for animal models of psychiatric disorders such as attention deficit hyperactivity disorder and schizophrenia is reviewed, and it is considered that the paradigm best exemplifies a manipulation that can be applied to test effects of certain forms of social adversity during adolescence on brain development and behaviour.
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The fact that half of all life-time cases of mental illness occur by age 14 in the US (Kessler et al 2005) has renewed interest on the effects of early experience on brain development. The Robbins et al (1996) review, published with Graham Jones and (now Professor) Lawrence Wilkinson (and gradually accumulating about 100 citations on the Web of Science), summarised evidence, mainly from our own perspective, of a programme of work that had begun in the 1970s during Barbara Sahakian’s PhD thesis.  Barbara was interested in animal models of attention deficit /hyperactivity disorder (ADHD), and so given the lack of evidence then of any major genetic influence, it was logical to examine experiential effects. The idea to look specifically at isolation since the weaning period came from another PhD thesis by Michael Morgan FRS (now Professor of Visual Psychophysics at City University in London) for which he had been inspired by his earlier stay at McGill University. Work by Michael and Dorothy Einon had established that the key element of the social isolation procedure was a deprivation of social interaction, and so, at that period of rodent adolescence, deprivation of social play - as the isolation-housed rats could see, smell and hear other rats - but not physically interact with them. An early finding, which Barbara was able to confirm (Sahakian et al 1975), was hyperactivity of the isolates in a novel environment - hence the possible relationship with ADHD. This form of early deprivation was clearly very different from that studied in monkeys by Harry Harlow, which produced symptoms more related to a depression phenotype. These manipulations represent some of the earliest examples of what are now described as ‘animal models’ of psychopathology’ – a controversial, and largely unfair, focus of current dissatisfaction of methods used to evaluate candidate drugs in the treatment of mental illness. This retrospective will examine the utility of the isolation-rearing model and conclude that it is not exactly a model of a specific psychiatric disorder, but rather a way of demonstrating the powerful effects of environmental change on brain development and behaviour, including detrimental aspects of social adversity.

Neurochemical effects of isolation-rearing
Our original focus in the isolation-rearing syndrome was to examine the relationship of the isolation-induced hyperactivity to the functioning of the brain dopamine (DA) systems. The obvious link was the response to indirect DA agonists such as amphetamine, especially since such drugs were therapeutic for ADHD. In her original studies, Barbara was able to show that there was in fact a heightened response to amphetamine, at least in terms of the stereotyped behavior occurring at higher doses of the drug, which suggested that the isolates were more sensitive to the drug, possibly because of changes in the central DA systems (Sahakian et al 1975). The increase in stereotypy could be construed as reducing the normal hyperactivity because of the competitive relationship between these two responses; so in that sense the drug did reduce the hyperactivity characteristic of ADHD, whilst potentially focusing responding, with possible therapeutic implications. However, as described in the Robbins et al review, it took nearly 20 years to demonstrate that the locomotor hyperactivity produced by isolation rearing was associated with an increase in extracellular striatal DA as measured by a microdialysis probes in the nucleus accumbens (ventral striatum) or caudate-putamen (dorsal striatum) in the lightly anesthetized (Jones et al 1992) or freely moving (Wilkinson et al 1994) animal. This important result has generally held up, as the comprehensive review by Fone and Porkess (2008) agrees. However, it is but one of a number of other well-established aspects of the phenotype that has now painstakingly been documented. We will now explore these other aspects and examine their implications. This short article cannot be an exhaustive review of the hundreds of articles on isolation rearing and related topics in rodents that have appeared since 1996. Rather, it examines the main developments from the perspective of that article and considers the implications for ‘modelling’ human mental disorders. 

Whilst increases in pre-synaptic DA activity probably occur in a wide-spread manner throughout the striatum in isolates, early data (Blanc et al 1980) indicated that there was a reciprocal effect on mesocortical DA; i.e in vitro evidence of reduced DA turnover in the rat prefrontal cortex (PFC), subsequently confirmed by us (Jones et al 1992). More problematic has been how the isolation manipulation changes DA receptors; however, a recent study has shown that high affinity D2 receptors are increased in isolates (as they are in models of psychosis) (King et al 2009). 

In parallel with these changes, there are reductions in 5-HT functioning, as repeatedly found from metabolite 5-HIAA changes in the nucleus accumbens and more recently from effects on evoked release by amphetamine and footshock, but such changes have also now also been found in other structures including the hippocampus and prefrontal cortex (though not the dorsal striatum) (see Fone and Porkess 2008). Receptor changes have focused mainly on the 5-HT2 receptor with increased responsiveness and numbers in isolates and on the 5-HT1A receptor, which tends to show the opposite effects in prefrontal cortex, but by contrast is increased in structures such as the hippocampus (Preece et al 2004). 

These contrasting changes in subcortical DA and serotonin neurotransmitter functions are therefore a major part of the picture of the neural changes caused by isolation-rearing. However, it has become clear since 1996 that there are also additional pathological changes in forebrain structures such as the hippocampus and prefrontal cortex (see Fone and Porkess 2008). For example, importantly, isolates have been shown to have reduced numbers of parvalbumin and calbindin containing GABA interneurons in the hippocampus (Harte et al 2006), as well as cytoskeletal alterations (Bianchi et al 2006), decreases in dendritic spines in pyramidal cells (Silva-Gomez et al 2003) and levels of synaptophysin (Varty et al, 1999), all of which indicate that hippocampal innervation and organization may be deleteriously influenced by this early social deprivation (possibly by affecting mechanisms of synaptic plasticity dependent on social play).  Indeed, data have also been reported to indicate impaired neurogenesis (Lu et al 2003) and LTP (Roberts and Greene 2003), as well as changes in BDNF (Fone and Porkess 2008), in the hippocampus of isolates, although these changes have not so far been very clearly linked to major behavioural deficits.

A fascinating phenotype; the behavioural profile of isolation-rearing
It is important to consider what the neurochemical and neural changes actually might mean in functional terms. A further consideration has been the extent to which the changes are developmentally specific, in other words related to ‘rearing’ effects rather than ‘housing’ effects- two potentially confounded factors.
The frequently observed locomotor hyperactivity is complemented by other, more subtle behavioural changes. Novelty is often cited as a major modulator of isolation-rearing effects, although an initial impression of the findings is of contrasting, apparently discrepant, results (Fone and Porkess 2008). For example, isolates can be less active in a novel open field under white light, but may be hyperactive in a less threatening setting under red light (Hall et al 1997a). They often appear to be more exploratory in novel situations that do not carry much threat (Sahakian et al 1977). They also can exhibit reduced food neophobia but heightened environmental neophobia to the test situation (Hall et al 1997b), thus apparently exhibiting contrasting effects even in the same test situation. However, the failures to show exploration are generally correlated with neophobic, freezing responses, and a more parsimonious account may simply be that they are more sensitive to novelty, leading to either heightened exploration or reduced exploration due to hyper-reactivity. My own interpretation of this pattern of findings is that isolates are more sensitive to novelty with mild levels inducing approach and high levels avoidance, compared to socially reared rats. This idea, essentially of an inverted U shaped function of behavioural activation, in which isolation-reared rats essentially show a leftwards shift, can also be used to explain how amphetamine affects behaviour in isolates, increasing locomotion at low doses relative to controls and reducing at higher doses, as the competing elevated stereotyped behaviour sets in (Sahakian et al 1975). Finally, it can explain the seeming paradox that will become evident below whereby isolation-rearing may enhance food-related motivation but has also been shown to reduce the reinforcing effects of drugs of abuse such as cocaine (Phillips et al 1994). In fact, after the 1996 review was published, it became apparent that isolates were in fact more sensitive to the reinforcing effects of very low doses of cocaine than socially reared controls (Howes et al 2000) - thus again there is evidence of a leftwards shift in the dose-response sensitively, with low doses evoking approach and reward and higher doses perhaps becoming more aversive.  

The isolation-induced hyperactivity is also expressed in a sustained fashion in a food conditioning situation in which rats are fed in photocell cages after a period of testing locomotor activity. Isolates show greatly enhanced conditioned locomotor activity, known to depend on mesolimbic DA function, indicating heightened levels of incentive motivation (Jones et al 1990), possibly related also to their increased propensity to eat more food and to attain slightly but significantly higher body weights than controls (although not to the extent of obesity). A more subtle indicator of this increased motivation is enhancement of positive contrast effects by isolates in drinking sucrose solutions (Hall et al 1997c). It might be supposed that if their hyperactivity is relevant to the hyperactivity of ADHD individuals it might be correlated also with inattention and impulsivity, other characteristic symptoms of this disorder. However, rather remarkably, in our own experiments isolates tend to be less impulsive than socially-reared rats, measured either in a reward discounting paradigm or in the 5-choice serial reaction time test (5-CSRTT) (Dalley et al 2002; Y. Liu unpublished PhD thesis). Moreover, there is little evidence of impaired attention in the 5CSRTT, except for a slightly increased rate of omissions (Dalley et al 2002) – and earlier evidence showed, if anything, less distractibility in isolates (Jones et al 1991). These dissociations have important potential clinical implications, as will be discussed below.

Our own, clear-cut results indicating reduced impulsivity in isolates agrees with several other findings in the literature, but there are discrepancies. In a fixed minimum interval task, which is a variant of the differential-reinforcement-of-low-rate (DRL) schedule, isolation-reared rats were reported to display fewer impulsive responses than socially housed, environmentally enriched rats (Hill et al 2012). Isolates have also been reported to display decreased premature responding during a rat gambling task (Zeeb et al 2013) and in response to treatment with amphetamine in the 5CSRTT (Dalley et al 2002). In impulsive choice tasks, Hellemans et al (2005) also found reduced bias in isolates to the smaller-sooner-reward, although Perry et al (2008) found that isolated rats preferred the smaller-sooner reward (i.e. exhibited impulsive choice) more than did environmentally-enriched rats. Moreover, an extensive study by Kirkpatrick et al (2013) also found that isolates valued the smaller sooner food reward more than environmentally enriched, socially grouped rats. The same study also showed that isolates exhibited better discrimination of reward magnitude, possibly consistent with greater levels of motivation, and superior performance on a DRL (differential reinforcement of low rates of behaviour) task measuring response inhibitory control. Overall, the possible confounds of environmental enrichment in socially reared rats may have to be taken into account, as well as those of isolation housing and lack of handling in the isolates. Thus in the Kirkpatrick et al study, isolates were not extensively handled and the comparison was with environmental enrichment, including social housing. Similarly, in the Perry et al study, the socially reared group also had environmental enrichment. The determinants of impulsivity may therefore prove to be subtle, which complicates the use of isolation-rearing as a model for ADHD.

Another important paradigm for measuring aspects of implicit attention was reported in the 1996 review- an impairment of pre-pulse inhibition, which of course has important implications in terms of human translation. This finding has generally stood the test of time and replication, most notably in major studies in the industrial context by Cilia et al (2001,2005). However, the phenomenon is not always present and may depend critically on how the socially reared animals are kept - it has been noted that it is difficult to obtain a graded amplification of the PPI deficit in isolates by manipulation of the task or the experience of the isolates. The deficit in PPI was originally shown to be remediated by a D2 receptor antagonist, indicating mediation via the central DArgic system (Geyer et al 1993). This mediation by DA has been more recently elegantly confirmed by the finding that 83% depletion of nucleus accumbens DA using 6-hydroxydopamine abolished the PPI deficit in female rats exposed to 8 weeks of isolation rearing (Powell et al 2003). 

The heightened reactivity of isolates could conceivably affect apparently more cognitive processes such as recognition memory, which is generally based on the exploration on the more novel of two objects – isolates have convincingly been shown to have robust impairments in object recognition, with sometimes equal amounts of exploration being made of familiar and novel objects. Whilst it seems possible that some of this impairment arises from a failure to habituate to the previously exposed object, isolates show hyperactivity after two weeks of isolation but the deficit in object recognition only appears after 4 weeks (K Fone, personal communication), similar to the impairment in PPI (Bakshi & Geyer 1999).

 More generally, isolates do show cognitive rigidity in many aspects of their behaviour. Since the 1996 review, this aspect has been analysed further with the aid of paradigms such as the intra-dimensional/extra-dimensional (id/ed) set shifting test (analogous to the human Wisconsin Card Sorting Test), with isolates exhibiting inconsistent impairments in reversal learning (Schrijver and Wurbel 2001; Schrijver et al 2004) and a form of extra-dimensional set-shifting (spatial-to nonspatial) in an Olton maze (Schrijver and Wurbel 2001), suggesting PFC deficits consistent with the rather small changes in PFC morphology that have been observed (see Fones and Porkess 2008 for review). However, it is a pity that the full id/ed test with touch and smell using digging media (Birrell and Brown 2000) has not yet apparently been performed on isolates to enable a stronger test of extra-dimensional set-shifting relevant to drug discovery in schizophrenia.
	
A similar inconsistent pattern emerges with respect to other aspects of cognition and learning. Thus, Morris water-maze performance has even been reported to be facilitated by isolation-rearing, although there are also studies that have shown impairments. Contextual or CS fear learning is more reliably impaired by isolation-rearing (see Fone and Porkess 2008 for review), suggesting some hippocampal involvement, although the behavioural basis for this needs further analysis, for example, taking into account overall levels of reactivity and anxiety in the isolates. The differential processing of novelty by isolates and their object recognition impairments may relate to temporal lobe, including hippocampal, processing impairments. Overall, the more detailed analysis of behavioural deficits since the review in 1996 has indicated evidence of impairment in some aspects of cognition in isolates.

Isolates are apparently more reactive to their environment, which may indicate greater emotionality and anxiety, but the evidence for the latter is not entirely convincing. As indicated above this anxiety might derive from a more general tendency to be reactive which in certain situations can be interpreted as reduced anxiety. The fact that they are impaired in contextual or CS fear conditioning is also not necessarily indicative of enhanced anxiety. A parallel situation exists when considering the hypothesis of enhanced stress in isolates as a consequence of their social deprivation. In fact, there is no very strong direct evidence that suggests that isolates are more stressed than their social counterparts. For example, in a version of the Porsolt forced swim test, 12 weeks isolation rearing from post-natal day 21 failed to alter either immobility or escape in either Wistar or Fawn-hooded rat strains (Hall et al., 1998a, 2001). This suggests that prolonged social isolation does not affect the ability of the rodent to cope with a short period of severe stress. This general impression is confirmed by a review of the subtle changes in basal pituitary-adrenal axis function in isolates (see Fone and Porkess 2008). However, Robbins et al (1996) pointed out apparent reductions in their  ability to ‘cope’ with certain stressors, as in the case of schedule-induced polydipsia, which has been suggested in healthy rodents to reduce the stressful effects of intermittent presentations of small aliquots of food following deprivation, as measured by plasma corticosterone (Jones et al 1989).

Before considering the implications of this, by now quite well-defined behavioural profile, it is worth revisiting the question posed in 1996: How much of the isolation syndrome, in terms of both behavioural and neural change, is due to developmentally specific changes, in other words to rearing versus mere housing effects? A related issue is how permanent are the deficits and what degree of compensatory change may be occurring that minimizes the behavioural changes?  To answer these questions it is necessary to house rats in isolation as adults for some (ill-defined) period- usually about 8 weeks is considered necessary to equate in some sense with the isolation period imposed earlier in life. Another useful probe is the effects of re-socialisation- can the behavioural deficits which putatively arise because of social deprivation be reversed in this way? This manipulation can prove difficult to interpret, as social isolation does produce changes in social behaviour, sometimes including aggression, which may well interfere with any putatively therapeutic effects of re-socialisation. Hence, any lack of effects of re-socialisation can be difficult to interpret, especially for example on measures of emotional reactivity. We have frequently noted informally how adult rats housed in social isolation are more likely to be hyper-reactive and aggressive, suggesting that this type of effect of isolation is more likely to be a housing rather than a rearing effect.

There is now little doubt of a critical period around the age of puberty in the rat for many of the effects of early social deprivation; the neurochemical and behavioural phenotype associated with isolation at a later age is quite different. For example, the impairment in PPI is limited to isolation soon after weaning and is not reversed by resocialisation (Cilia et al 2001). We called attention earlier to the need to examine all of the major behavioural effects of isolation systemically according to this set of manipulations in order to determine the likely origins of the different behavioural and neurochemical changes, but there still exists uncertainty for many of the neurobehavioural effects. However, it is of interest that just as the classically reported neurochemical changes in DA turnover in the PFC appeared unaffected by re-socialisation (Blanc et al 1980), so too did the more recently reported reductions in dendritic re-branching in this region (Pascual et al 2007)- suggesting permanent, irreversible effects of post-weaning social isolation.

An alternative way of determining the developmental specificity of these effects of post-weaning isolation-rearing has been to examine effects of other manipulations of early life social experience in rats. An excellent example is the effects of early maternal deprivation, when rat pups are removed from their dams under various regimes in the immediate post-natal period, often in conjunction with various other stressors, but in conditions where the temperature and weight of the deprived pups is maintained artificially. Of special interest are the sequelae in the adult, which can overlap with the types of effect observed on the monoamine systems for isolation-rearing, but often exhibit very different and even opposite behavioural effects. For example, maternally deprived rats when adult are often less active in locomotor activity cages and in conditioned responses to food (see Matthews and Robbins (2003) for a review) contrasting with effects of post-weaning isolation. The maternal deprivation studies have been for us very significant as they indicate that effects of social deprivation can differ according to the stage of development and are thus difficult satisfactorily to encompass within the scope of a unitary construct such as ‘stress’.  

What does the isolation syndrome model? 
Returning to our original rationale, one would like to consider the effects of early social deprivation in the context of demonstrating the importance of such factors as social interaction and play for normal development, and their absence as leading to identifiable psychopathology that might be relevant to human mental health. Our original aim to model ADHD, based largely on the effects of early social isolation to induce behavioural hyperactivity dependent on the midbrain DA systems may still have some relevance. However, it was most surprising to us that isolates in general did not appear more impulsive (in fact, less so) or especially inattentive or distractible, which are behavioural symptoms commonly associated with ADHD. And although under some conditions they responded to psychomotor stimulant drugs in such a way as to suggest a reduction in activity (for example, because of a leftwards shift in the dose response curve, they also exhibited even greater activity to challenge doses of amphetamine). Their behavioural profile differs very much from that of highly impulsive rats from the normal Lister hooded rat population, who tend to be less active than normal, and have lower D2 DA receptor binding in the ventral striatum (Dalley et al 2007). Moreover, those highly impulsive rats have recently been shown to exhibit reduced impulsivity following treatment with anti-ADHD drugs such as methylphenidate, as well as slightly impaired attentional function (Caprioli et al 2015). Hence, if anything, the high impulsive rats would appear to be a superior model for ADHD.  The comparison of both ‘models’ is theoretically most interesting as they represent especially how different phenotypes can be expressed associated with subtle changes in the mesolimbic DA system. 

Originally, effects of social isolation in non-human primates were linked to behavioural states of depression. Although 5-HT function appears diminished in certain key limbic regions associated with depression there is little to suggest that isolation-rearing in rats produces a depressogenic phenotype. Thus social isolates appear to exhibit enhanced, rather than diminished, motivational functioning with respect to food and novelty (the reverse may be the case following maternal deprivation, see above). Additionally, as reviewed above, there is no evidence of markedly impaired responses to stressors, including the classical tests of depression such as forced swim.
These observations are also apparently relevant to the suggested use of isolation-rearing ‘models of schizophrenia’, as clearly the negative symptoms of this disorder are not well simulated. However, of note is that isolation rearing is an experimentally imposed manipulation which may conceivably model one of the factors leading to first episode schizophrenia; self-imposed social withdrawal. If an individual chooses to isolate him or herself from their peers during adolescence, this may well have the effect of depriving themselves of social interactions and ‘play’ that aid brain, especially cortical, development. Thus it may be of interest to consider social isolation as a possibly desirable amplifying component of genetic or neurodevelopmental models of schizophrenia - in other words as one component of a ‘dual hit model’. 

However, we will first revisit isolation-rearing alone as a plausible model of schizophrenia based on its neurobehavioural phenotype, despite the evident difficulties of attempting to model aspects of psychosis such as hallucinations or delusions, let alone thought disorder.  The most salient neurochemical evidence relates to the up-regulation of midbrain DA function (and possibly the reciprocal down-regulation of PFC DA) (Blanc et al 1980). This is associated with behavioural locomotor hyperactivity firmly linked to the mesolimbic projection to the nucleus accumbens (and up-regulation of striatal D2 high affinity receptors), whereas the current evidence favours changes in DA function in the caudate nucleus of patients with schizophrenia (Kegeles et al 2010). However, this apparent mismatch may not be too serious for the model because dorsal striatal DA is also up-regulated in isolates (Jones et al 1992). The impaired PPI in isolates and its restoration by an anti-psychotic D2 DA receptor antagonist, as well as atypical antipsychotics (Varty et al 1995) provides an exact parallel with impaired PPI in schizophrenia, and perhaps represent the best case for a link to the disorder. The case is bolstered to some extent by the observation that treatment with delta-9-tetrahydroacannabinol exacerbates the PPI deficit in isolates (Malone and Taylor 2006), given the suggestive evidence that cannabis may elicit psychotic symptoms. On the other hand, the isolate PPI deficit can be reversed by drugs such as the selective 5-HT2A receptor antagonist M100907 (Geyer et al 1999) which failed in clinical trials as an effective treatment for schizophrenia. Moreover, PPI itself, like many other behavioural deficits associated with schizophrenia, is not necessarily core to the disorder, which still lacks definitive behavioural endophenotypes.  

Another, perhaps related, behavioural change produced by social isolation is the hyper-reactivity to novelty which may conceivably related to the so-called ‘aberrant incentive salience’ suggested for schizophrenia and linked to striatal DA overactivity (Kapur 2003).  In fact, the more recent instantiation of this hypothesis, framed in terms of aberrant prediction errors of the midbrain DA neurons contributing to delusional phenomena (Corlett et al 2007), needs to be subjected to more formal testing- especially as this hypothesis of delusions derives from seminal electrophysiological findings for midbrain DA neurons in non-human primates (Schultz 2007), but could readily be tested in rodents also. 

Several studies have highlighted the cognitive inflexibility of schizophrenia, beginning with the original studies of the Wisconsin Card Sorting Test and now extended to several other more readily translational paradigms, including reversal learning and extra-dimensional shift learning from the CANTAB battery (Pantelis et al 1999; Leeson et al 2009). It is remarkable that deficits can be found in patients in tasks such as simple deterministic discrimination reversal learning as well as the more complex probabilistic reversal learning tasks. In a recent elegant study, isolates were shown to be impaired, not in initial acquisition of probabilistic learning (of a 80:20 rewarded/punished visual discrimination task, but in its reversal (Amitai et al 2014). Isolates were thus less able to shift their focus towards newly significant positive feedback and discount formerly significant positive feedback that had become insignificant; they were not impaired in responding to negative feedback. They were this impaired in updating reinforcement contingencies. Importantly, studies of reinforcement learning in schizophrenia patients have found the same pattern of deficient positive feedback processing, but normal processing of negative feedback (Waltz et al 2007). This is a deficit distinct from that of other neuropsychiatric disorders such as depression (where there appears to be a bias towards negative feedback, Murphy et al 2003).  
Although this is a promising translational link, with some additional evidence of deficits in the orbitofrontal cortex in schizophrenia there are some interesting problems to resolve. Thus Li et al (2007) reported that chronic treatment of the atypical neuroleptic drug clozapine impaired normal reversal learning in a spatial T-maze in socially reared rats, but improved the deficient performance of isolates. However, Leeson et al (2009), found that treatment with atypical psychotic drugs was associated with impaired performance on the CANTAB id/ed plus reversal test in patients with first episode schizophrenia. Nevertheless, these observations may be relevant for future translational studies of the cognitive impairments found in schizophrenia. 

The focus on cognitive impairments is in fact crucial, especially as it is much less problematic to model cognition in cross-species studies than to simulate the more obvious delusional and hallucinatory phenomena in experimental animals. Moreover, cognitive problems continue to be a serious obstacle to the rehabilitation of patents with schizophrenia but can be approximated more readily using sensitive methods of assessment. Patients with chronic schizophrenia exhibit quite profound deficits in cognitive function, including impairments in memory. Therefore, the robust object recognition memory deficit of isolates described above is potentially important in matching analogous impairments in isolation-reared rats.  There have been some interesting attempts to remediate this deficit using novel compounds. Thus, the mGluR2/3 agonist LY379268 reversed social isolation-induced recognition memory deficits in rats (Jones et al 2011). This is especially significant as a similar agent had been reported to ameliorate positive and negative symptoms in schizophrenia (Patil et al 2007), especially in first episode patients (Kinon et al 2015).  However, in none of these studies had possible effects on cognitive function been tested. The positive effects of drug treatment on recognition memory in isolates were also accompanied by a reduction in their locomotor hyperactivity, but did not extend however to their deficit in aversive conditioning to a CS, suggesting that this is an independent deficit (Jones et al 2011). The mechanism of the effect is assumed to be via a presynaptic regulation of glutamate activity, which has been reported to be excessive in the early stages of schizophrenia; this might in turn lead to therapeutic effects on monoaminergic modulation of the cortex.

Another class of agents that has been much tested as a plausible cognitive enhancer is 5-HT6 receptor antagonists which often improve recognition memory, even in intact rats. There is some evidence that drugs of this class can reverse the isolation-induced deficit in recognition memory that generally emerges with longer retention intervals (Meffre et al 2012; K. Fone personal communication). Whilst there is considerable debate about how 5-HT6 receptor antagonists might improve performance (Marsden et al 2011), it is of course unclear whether they would be efficacious in the treatment of cognitive impairments in schizophrenia. 

In summary, isolates do have some utility in modelling certain symptoms in schizophrenia, especially changes in mesolimbic DA tone linked with neural alterations in hippocampal plasticity and prefrontal cortical integrity. The behavioural manifestations are perhaps less convincing; the most robust deficits include locomotor hyperactivity and evidence of aberrant salience is at best fragmentary. The PPI impairment is also quite robust, but the precise relevance of this to core symptoms of schizophrenia is still being debated. The cognitive impairments on the whole are disappointingly mild and qualitatively not necessarily simulating the profile in schizophrenia. Negative symptoms and affective aspects of schizophrenia do not seem to figure very strongly. On the other hand, similar comments could be made about many other neurobehavioural phenotypes associated with the potentially more relevant genetic or developmental models (such as the MAM and neonatal hippocampal lesions) (see Robbins and Moore 2008). The profile induced by social isolation often tends to resemble those of these other models, and can be more reliably expressed by them. It is fascinating that for the well-known neonatal rodent hippocampal lesion model, social withdrawal is amongst the first of its symptoms, even suggesting that the accompanying deprivation of social play may contribute to the rest of the ensuing behavioural changes and evoking what may sometimes occur in humans at risk for psychosis. This consideration does suggest that it may be profitable to pursue ‘double hit’ models of schizophrenia, combining the effects of some treatments (e.g. MAM or phencyclidine (PCP), ketamine or other NMDA receptor antagonists) or murine genetic models with post-weaning isolation. One recent attempt has shown some promising mutual synergy of enhancing and broadening the range of behavioural impairments produced by isolation rearing in combination with neonatal PCP treatment (Gaskin et al 2014).

Although it may be over-ambitious to suggest that isolation-rearing produces more than a small component of the complexity of schizophrenia, there seems little doubt that the paradigm is of considerable value for examining effects of early social adversity on the brain, especially those systems that are targeted by social deprivation. Neuropsychological and neuroimaging evidence suggests that reward processing in the ventral striatum in adolescent humans may be a target of social adversity (Guyer et al 2006). It may be difficult at this stage to predict the precise changes in such processing, whether, for example, the effects of rewards are attenuated or enhanced (as appears to be the case for the present isolation-rearing model), as this in turn may depend on the precise nature and severity of the deprivation. Relatively mild adversity, as seems to be the case for isolation rearing, may for example elicit compensatory mesolimbic DA activity, presenting as apparently enhanced functioning, but which nevertheless represents a developmental dysregulation of behavioural output overall, with possible deleterious consequences. 
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