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Rearing rats in social isolation from weaning results in long-term effects on brain structure, 
neurotransmitter function and behavior and many of the effects mimic those seen in schizophrenia 
and depression.  This short review considers the role of the hippocampus in the effects of isolation 
rearing and the involvement of 5-HT neuronal function.  During development disturbance of the 5-
HT system by various insults, may result in disruption of the 5-HT systems in the brain and also 
lead to disorganized neuronal developmental when this is dependant on normal 5-HT function.  A 
rat reared on its own from weaning lacks essential sensory inputs (appropriate social contact, 
olfactory information and environmental stimuli) thus there is insufficient sensory information for 
normal hippocampal development resulting in permanent alterations to neurotransmitter function 
(e.g. 5-HT) and associated structural and behavioral abnormalities in adult life.  The impairment of 
normal cortical and hippocampal function may lead to alterations of other neurotransmitters in other 
brain areas, resulting in additional behavioral abnormalities (these include reduced response to 
reward and enhanced response to aversion).  Neurodevelopmental factors play an essential role in 
the incidence of mental disease and the social isolation rearing model has provided important clues 
about the ways brain development can be influenced by lack of sensory input.  There are, however, 
many important questions that remain to be answered and further investigation of the model could 
improve our understanding of the processes involved in the neurodevelopmental disruption 
resulting from adverse early life events.  The isolation reared rat offers an excellent model not only 
to understand the functional and mechanical mechanisms involved in neurodevelopmental 
dysfunction  resulting from lack of sensory input during early life but also provides a model that can 
be used to investigate how chronic drug treatment can influence brain function  and antidepressant 
drugs are of particular interest in this regard.  
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  There is increasing awareness that events in early life may have persistent influence on the 
physiology and behavior in the adult and thus act as major factors in the development of 
cardiovascular, metabolic and psychiatric disorders.  With psychiatric disease early life factors that 

may influence brain development include 
physiological (e.g. disrupted blood flow to the 
fetus, fetal malnourishment, difficult birth) 
pharmacological (maternal and adolescent drug 
abuse) and social (maternal deprivation, social 
isolation) factors. 
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5-Hydroxytryptamine (5-HT, serotonin) is an important modulator neurotransmitter which 
has a major role in the control of emotional and stress responses in which the brain hippocampus 
has an essential function.  Current research is directed towards developing suitable animal models 
to investigate the importance of early life factors as causative factors of disease through altered 
development.  Rearing rats in social isolation from when they are weaned results in long-term 
effects on brain structure, neurotransmitter function and behavior and many of the effects mimic 
those seen in schizophrenia, a disease considered to be neurodevelopmental in origin.  This short 
review considers the role of the hippocampus in the effects of isolation rearing and the involvement 
of 5-HT neuronal function. 
 
The normal development of the hippocampus and hippocampal serotonergic function 

The development of the rat and human brain show similarities and differences but in both 
cases development continues post-natally.  In the rat during postnatal days (PND) 3-10, the process 
of neuronal migration is being completed and there is maximum axonal outgrowth.  5-HT terminals 
have reached their targets, but have not formed the final pattern of innervation.  This period of rat 
brain development may be equivalent to the last half of human gestation.  By PND 10-17 
proliferation and migration of cells has finished and synaptogenesis is at a peak in the hippocampus 
and cortex.  Pruning effects occur during this period to remove excess dendrites and terminals not 
required to form the final functional connections.  This period of rat brain development may be 
equivalent to the first two years of human brain development. By PND 17-24 the rat brain is almost 
completely formed but there are still deficits in some learning and memory tasks (e.g. spontaneous 
alternation).  At this stage the animals can do simple learning task, are weaned and begin to search 
for food on their own (see Borella et al., 1997). 

The raphe 5-HT neurons develop during the prenatal period and 5-HT becomes functional 
once these neurons differentiate and give rise to 5-HT afferent fibers to the forebrain areas (Lauder 
et al., 1982).  During this period 5-HT function has an important role as a differentiation signal for 
embryonic neurons (Lauder and Krebs, 1978; Lauder et al., 1985) and plays a part in the 
autoregulation of the development of 5-HT neurons (Shemer et al., 1991; Whitaker-Azmitia, 1991; 
Whitaker-Azmitia, Azmitia, 1986) together with the development of the target sites innervated by 
5-HT projections (Lauder, 1990).  Administration of drugs that deplete brain 5-HT (such as 
parachlorophenylalanine (PCPA), an inhibitor of tryptophan hydroxylase or-5-7-
dihydroxytryptamine (5,7-DHT), which is neurotoxic to 5-HT neurons cause a delay of maturation 
of various brain areas and delays dendritic formation (Lauder and Krebs, 1978; Haring et al., 1993; 
Blue et al., 1991). Yan et al. (1997) demonstrated that neonatal 5-HT depletion causes a marked and 
permanent reduction in the density of dendritic spines on granule cells in rats.  In addition when 5-
HT is depleted in the rat pup during the critical time for synaptogenesis, there are permanent 
changes in brain morphology and cognitive capabilities (Mazer et al., 1997), suggesting that during 
synaptogenesis 5-HT function must be at an appropriate level in order for target regions to develop 
the appropriate number of synapses for normal behavior in the adult.  

Interestingly areas that have high 5-HT1A receptor expression, for example the 
hippocampus, septum, medial prefrontal cortex, and entorhinal cortex, are vulnerable to the effects 
of neonatal 5-HT depletion whereas the olfactory bulb, striatum and hypothalamus are unaffected 
(Haring et al., 1994) indicating that the effect of 5-HT on development and neuronal differentiation 
is mediated via 5-HT1A receptors. 
 The functional role of 5-HT in the development of the CNS may relate to the trophic factor 
S100β, which is a soluble glial protein that induces neurite extensions in 5-HT and cortical neurons 
(Azmitia et al., 1992).  Activation of 5-HT1A receptors located on astrocytes and radial glial cells in 
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the fetal brain stimulates S100β  release from these cells (Hellendall et al., 1992; Whitaker-Azmitia 
and Azmita, 1989; Whitaker-Azmitia et al., 1990) which then influences the factors controlling 
cortical morphology, formation and function and also provide a trophic effect upon neuronal 
elements within the developing brain.  S100β activates terminal growth of 5-HT neurons (Lui and 
Lauder, 1992; Azmitia et al., 1990) and neurite outgrowth in cortical and hippocampal regions 
(Muller et al., 1993).  5-HT depletion by synthesis inhibition (PCPA) or neurotoxic lesion (PCA) 
causes a decrease in S100β levels which can be reversed by 5-HT1A agonist administration resulting 
in restored S100β release (Haring et al., 1993; Yan et al., 1997; Azmitia et al., 1995).  S100β levels 
in the hippocampus reach adult levels at the time of synaptogenesis indicating it may play a role in 
microtubule stabilization at this stage (Donato, 1991) which is important for normal intracellular 
function.  Synaptophysin immuno-reactivity (protein marker for synaptic vesicles) is greatest in the 
hippocampus implying that this brain area may have the highest synaptic turnover as the functions 
of hippocampus are related to learning and memory (Azmitia et al., 1995). 5-HT may not only 
function in brain development but may serve as a maintenance factor for neuronal differentiation in 
the adult brain (maintenance of synapses and dendrites) as adult astrocytes express both high levels 
of S100β and the 5-HT 1A receptor (Whitaker-Azmitia et al., 1993). 

Hence, during development disturbance of the 5-HT system, by various insults, may result 
not only in disruption of the 5-HT systems in the brain but also result in disorganized neuronal 
developmental that is dependant on normal 5-HT function.  Recent evidence indicates that 
psychiatric disorders such as schizophrenia and attention deficit hyperactivity disorder (ADHD) are 
neurodevelopmental in origin and thus impaired 5-HT function during development contribute to 
their etiology as well as being a causative factor in the disorders. 

 
Effect of social isolation rearing on the development of the hippocampus and hippocampal 
serotonergic function 
 Rats reared in isolation from weaning show various neuroanatomical variation from group 
housed rats (Diamond, 1975; Globus et al., 1973; Ichikawa et al., 1993).  There are marked changes 
in the hippocampus and dentate gyrus in isolation-reared rats (Varty et al., 1999) which are similar 
to the hippocampal defects found in the schizophrenic brain (Falkai and Bogerts, 1986; Kovelman 
and Scheibel, 1984).  The hippocampal formation in the rat continues the process of maturation 
until about 35-40 days postnatal (Lanier and Issacson, 1977) and the dentate gyrus may continue to 
develop throughout adult life (Kaplan and Bell, 1983, 1984) as it has been shown to be capable of 
neurogenesis in the adult.  Interestingly the same time span (30-50 PND) is needed for 
neurotransmitter function to attain the adult level (Coyle and Henry, 1973). 

A major function in the altered brain development observed in rats reared on their own from 
weaning may be lack of essential sensory inputs important for the normal developmental processes. 
Isolates lack the essential sensory information coming from appropriate social contact so that 
olfactory information and environmental stimuli may not be sufficient to drive the process of 
normal brain development and neurotransmitter function.  Thus social isolation results in marked 
alterations in the function of various brain neurotransmitters together with structural and behavioral 
abnormalities in adult life (figure 1).  There is evidence that isolation reared rats have enhanced 
dopaminergic functional activity in various brain areas including the accumbens (Jones et al., 1992), 
frontal cortex (Crespi et al., 1992), and the dorsal and ventral striatum (Jones et al., 1992; 
Wilkinson et al., 1994; Robbins et al., 1996; Hall et al., 1998) indicating that this increase in 
mesolimbic and mesocortical dopamine activity may be important in behavioral deficits associated 
with isolation (Fulford and Marsden, 1998).  Moreover, isolation rearing results in impaired pre-
synaptic serotonergic function (Bickerdike et al., 1993) and associated supersensitivity of post-
synaptic 5-HT1A receptor function (Wright et al., 1990; 1991).  Muchimapura et al. (2002, 2003) 
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have provided strong evidence to confirm that isolation alters pre-synaptic 5-HT function in the 
hippocampus and this could be a primary effect of isolation.  Other studies have shown similar 
alterations to 5-HT function in the cortex. 
 
 Isolation rearing disrupts normal hippocampal function in responses to stress 

Isolation rearing alters neuronal activity, as measured by c-fos expression, in the brain 
causing either over or impaired expression.  As mentioned earlier isolation rearing causes changes 
in neuronal organization especially in the hippocampus (Diamond, 1967; Ichikawa et al., 1993; 
Varty, 1999).  Acute restraint stress markedly increases c-fos mRNA expression in the cortex, 
hippocampus, hypothalamus, septum and brainstem in rats (Dayas et al., 1999; Yokoyama and 
Sasaki 1999; Kellogg et al., 1998; Melia, 1994; Chen and Herbert, 1995a,b) (areas of the central 
stress circuit) and this stress-induced increase in c-fos is markedly altered by isolation rearing 
(Muchimapara et al., 2002).  The activation of the central stress circuit and the hypothalamic-
pituitary-adrenal axis (HPA) in response to an aversive condition or stress is a function of 
adolescent development (Kellogg et al., 1998), which requires maturation of neural circuits at 
puberty.  Isolation rearing results in a blunted HPA response to stress possibly caused by alteration 
of the normal maturation of the pituitary and/or the development of the hypothalamic system.  In 
isolation reared rats plasma corticosterone levels are unchanged under basal conditions (Fone et al., 
1996) but show a reduction in response to stress (Sanchez et al., 1998).  This indicates a blunted 
release of CRF into the hypophysial  portal  system  possibly  due  to  reduced  activation  of  the  
pituitary  corticotrops  in response to stress in the isolation reared rats.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Isolation rearing and development. A rat reared on its own from weaning may lack 
essential sensory inputs (appropriate social contact, olfactory information and environmental 
stimuli) thus there is insufficient sensory information for normal hippocampal development 
resulting in permanent alterations in the neurotransmitter function (5-HT), structural abnormalities 
and also behavioral abnormalities in adult life. The impairment of normal cortical and hippocampal 
function may lead to the alteration of other neurotransmitters  (DA, dopamine) in other associated 
brain areas, resulting in various behavioral abnormalities (reduced response to reward, increased 
response to aversive stimuli). 

ISOLATION REARING 

Loss of essential sensory inputs 

Impaired normal brain development in hippocampus 
and cortex 

• Structural abnormalities 
• Reduction in pre-synaptic 5-HT function 
• Functional behavioral impairment 

Other limbic areas (nucleus accumbens) 
• Increased post-synaptic 5-HT 

function 
• Increased DA function 

Cortical areas DA 
system
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The HPA system is strongly influenced by 5HT innervation of specific hypothalamic nuclei 

(e.g. paraventricular nucleus) which acts to increase CRF release in response to stress.  Thus, if the 
result of isolation rearing is reduced limbic 5HT function, this may underlie the reduced HPA 
response to stress seen in these animals.  In summary, a consequence of isolation rearing is a 
reduction in the limbic 5HT drive to the limbic- hypothalamo-pituitary system which persists in 
adult (Sanchez et al., 1995).  This effect of isolation rearing suggests that it may not only model 
aspects of schizophrenia but also depression. 

Interestingly, isolation rearing alters neuronal activity differently between the dorsal and 
ventral hippocampus (Muchimapura et al., 2002) with isolation-reared rats showing significantly 
higher FOS-LI in the ventral hippocampus during basal conditions but a lower FOS-LI response 
when exposed to stress indicating that isolation rearing may alter the intracellular hippocampal 
neuronal circuits resulting in differences between basal and activated neuronal function in the dorsal 
and ventral hippocampus.  Many previous studies have shown functional differences between the 
dorsal and ventral hippocampus (Moser et al., 1993; Moser and Moser, 1998; Grecksch et al., 1999) 
and the work of Muchimapura et al. (2002) provides further evidence of such differences and 
unraveling the reasons for these differences may provide important information about the 
hippocampal involvement in the response to stress. 
 
Perspectives 

Neurodevelopmental factors play an essential role in the incidence of mental disease and the 
social isolation rearing model has provided important clues about the ways brain development can 
be influenced by lack of sensory input.  Aspects of the behavioral effects produced by isolation 
rearing may model features seen in human schizophrenia (reduced pre-pulse inhibition) and anxiety 
and depression (increased response to aversive stimuli).  There are however many important 
questions that remain to be answered and further investigation of the model could improve our 
understanding of the processes involved in the neurodevelopmental disruption resulting from early 
life interventions.  A key question is what are the molecular signaling mechanisms involved in the 
effects of isolation? 

Stress reduces the expression of Brain Derived Neurotrophic Factor (BDNF), causes 
hyperphosporphorylation of TAU and decreases the structural proteins called microtubule-
associated proteins (e.g. MAP-2) expressed in dendrites; effects that are mediated via the 
extracellular signal-regulated kinases (ERKs).  These changes will alter the dynamics of the micro-
tubular system organization causing reduced neuronal plasticity (Bianchi et al., 2004) We have 
preliminary data showing similar effects are observed in isolation reared rats following two weeks 
isolation (Bianchi et al unpublished).  In contrast long-term treatment with antidepressant drugs has 
been shown to increase BDNF and may reverse the effects of stress on the microtubular system thus 
restoring hippocampal and cortical function important for normal mood (Duman et al., 1997)).  The 
isolation reared rat offers an excellent model not only to understand the functional and mechanical 
mechanisms that may be involved in the neurodevelopmental dysfunction that results from lack of 
sensory input during early life but also provide an excellent model in which to investigate the 
mechanisms of action involved in chronic antidepressant drug treatment. 
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