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Abstract 
This brief review discusses the behavioral consequences of two pharmacologically selected lines 
of rats. Flinders Sensitive (FSL) and Flinders Resistant (FRL) Lines of rats were selected on the ba- 
sis of differential hypothermic and behavioral responses to the anticholinesterase, diisopropyl- 
fluorophosphate (DFP). FSL rats are more sensitive to the hypothermic effects of cholinergic, se-
rotonergic, and dopaminergic agonists but less sensitive to the locomotor or stereotypic effects of 
dopamine agonists. FSL rats exhibit greater immobility in the forced swim test and reduced social 
interaction compared with FRL rats, but do not differ in saccharin intake, behavior in the elevated 
plus maze, or responses for rewarding brain self-stimulation. The exaggerated immobility and 
reduced social interaction are counteracted by chronic treatment with antidepressants. Because 
FSL rats were more sensitive to 5-HT1A receptor agonists, high (HDS) and low (LDS) 8-OH-DPAT- 
sensitive lines were selectively bred for differential hypothermic responses to the 5-HT1A recep- 
tor agonist, 8-hydroxy-2-(di-N-propylamino)tetralin (8-OH-DPAT). HDS rats were also more sensi- 
tive to the hypothermic effects of oxotremorine, a cholinergic agonist, but selection for this re- 
sponse did not diverge with later selection. HDS rats exhibited greater immobility in the forced 
swim test than LDS rats and this correlated response could be seen early in selection (generation 
3). HDS rats also showed reduced social interaction compared to LDS rats, but did not differ in be- 
havior in the elevated plus maze. These findings confirm that selection for hypothermic responses 
to pharmacological agents do have behavioral consequences, notably the production of depres- 
sive-like phenotypes, which can be counteracted by chronic antidepressant treatment. Because 
increased 5-HT1A receptor sensitivity was common to both selected lines (FSL and HDS), neuro- 
biological processes dependent on this receptor could contribute to the abnormal behaviors that 
manifest in these rat lines and thus suggesting a mechanism underlying depressive behaviors in 
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humans. However, available human data are inconsistent with this hypothesis and suggest that 
other mechanisms underlie these behavioral abnormalities in HDS and FSL rats. These mechan- 
isms as well as additional behavioral testing in these rat lines will be discussed. 
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1. Introduction 
The current brief review discusses the development of two pharmacologically selected lines of rats and some of 
the behavioral consequences of the selected breeding. Flinders Sensitive (FSL) and Flinders Resistant (FRL) 
Lines of rats were selected on the basis of differential hypothermic and behavioral responses to an anticholines- 
terase agent, diisopropylfluorophosphate (DFP), in order to determine whether similar mechanisms might be 
involved in the tolerance, sensitivity, and resistance to such agents [1]. Serendipitously, over the ensuing years, 
it became clear that FSL rats are a putative rodent model of depression, with strong face, constructive and pre-
dictive validity [2]-[4]. Because FSL rats have increased sensitivity to the hypothermic response to 8-hydroxy-2-(di- 
N-propylamino)tetralin (8-OH-DPAT) [5] [6], interest in the potential involvement of the 5-HT1A receptor in 
their depressive phenotype was sparked. Subsequently, high (HDS) and low (LDS) DPAT-sensitive lines were 
selectively bred on the basis of their hypothermic responses to the serotonin-1A (5-HT1A) receptor agonist, 
8-OH-DPAT [7]. Both FSL and HDS rats share some striking similarities, including greater sensitivity to choli- 
nergic and 5-HT1A agonists, and both exhibit exaggerated immobility in the forced swim test relative to FRL 
and LDS rats. As discussed in this review, other behavioral characteristics relevant to a depressive-like pheno- 
type also manifest. Consequently, both FSL and HDS rats may be considered putative animal models of depres- 
sion and useful in the assessment of potential antidepressants. 

2. FSL and FRL Lines 
2.1. Initial Selection 
Earlier work had shown that tolerance development to the anticholinesterase DFP was accompanied by reduced 
sensitivity to muscarinic agonists without a change in cholinesterase enzymes [1] [8]-[10]. Consequently, a se- 
lective breeding study was conducted to see if resistance and/or sensitivity to DFP would be accompanied by 
similar changes. Three variables were used to assess the effects of DFP (water intake, body weight, hypothermia) 
and selection was based on a combination of these effects [11]. Over the course of 8 generations, only a more 
sensitive line, the FSL rats, was developed; FRL rats were generally similar in response to randomly bred Spra- 
gue-Dawley (SD) rats, the strain used to develop the lines [11]. Thus, investigators in future experiments have 
used either FRL or SD rats as controls for FSL rats (e.g., [12] [13]) and sometimes experimenters used both FRL 
and SD rats (e.g., [12]). 

2.2. Cholinergic Changes in Selected Lines 
As expected, there were no changes in cholinesterase enzymes, but there were changes in muscarinic sensitivity, 
with the FSL rat being more sensitive to muscarinic agonists [15] [16]. These increased responses to muscarinic 
agonists are accompanied by increased muscarinic receptor binding in FSL rats [17] [18]. Later studies revealed 
that the FSL rat was also more sensitive to the hypothermic effects of nicotine [19] and had elevated nicotinic 
receptors [20]. Cross-breeding studies employing F1 and F2 crosses as well as F1 backcrosses to the parental 
lines established that the muscarinic responses involved both dominance and additive genetics, with an estimate 
of 3 or more genes involved [6] [21]. This finding suggests that additional factors besides muscarinic or nicotin- 
ic receptors might be involved in the increased receptor sensitivity. 
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2.3. Changes in other Neurotransmitter Systems 
Because of previous studies suggesting that the cholinergic system interacts with other neurotransmitter systems 
and of the commonly held belief that these other neurotransmitter systems may be involved in depressive dis- 
orders, we explored whether there might be changes in these systems in FSL and FRL rats. Indeed, evidence for 
changes in 5-HT [13] [22]-[24], catecholamines [25]-[27], neuropeptide Y [28]-[31] and nitrous oxide [32] has 
been found. A fuller description of these changes can be found in a recent review [4]. These changes in multiple 
systems in FSL rats call into question the simple model of cholinergic supersensitivity predisposing FSL rats to 
depressive-like behavior, even though depressed humans are more sensitive to cholinergic agonists [33]. Of par- 
ticular relevance to our present discussion is a cross-breeding study, which revealed increased 5-HT1A sensitiv- 
ity of FSL rats was correlated with their exaggerated swim test immobility but neither of these variables was 
correlated with their increased cholinergic sensitivity [6]. 

There is other evidence that is inconsistent with the cholinergic supersensitivity model of depression. For 
example, lithium treatment produces a reduced sensitivity to cholinergic agonists in the FSL rat [34], however 
does not alter the exaggerated swim test immobility [35]. Bright light exposure also reduces cholinergic super- 
sensitivity of the FSL rat [36] but is not considered to be an appropriate treatment for endogenous depression. 

Furthermore, muscarinic antagonists are ineffective treatments in most studies of human depression [37] and 
do not alter swim test immobility in rodents [38]. These findings suggest that perhaps changes in nicotinic re- 
ceptor sensitivity [39]-[41] or 5-HT1A receptor sensitivity [5] [23] [42] are more relevant to the depressive-like 
characteristics of the FSL rat. See discussion for an elaboration of this issue.  

There has also been an interest in serotonin transporters in the FSL rat. The most commonly prescribed class 
of antidepressant drugs are selective serotonin reuptake inhibitors (SSRIs). SSRIs increase extracellular 5-HT by 
inhibiting 5-HT uptake via the high-affinity serotonin transporter (SERT). Like humans, FSL rats show antide- 
pressant-like activity in behavioral tests following repeated SSRI administration, but not following an acute in- 
jection [3] [4]. A major challenge in the treatment of depression is reducing the delay to therapeutic benefit, 
which can often take weeks to months. FSL rats therefore provide a useful animal model to assay novel antide- 
pressant compounds, and importantly, to compare time to onset of antidepressant-like activity with SSRIs. Re- 
cent studies suggest that low-affinity, high-capacity transporters for 5-HT, such as the organic cation transporter 
3 (OCT3) and plasma membrane monoamine transporter (PMAT) may limit the therapeutic efficacy of SSRIs 
by limiting the increase in 5-HT that follows treatment with an SSRI [43]-[46]. Recent studies show that FSL 
rats have greater expression of OCT3 and PMAT in hippocampus compared to SD rats [47] [48]. Greater activi- 
ty of OCT3 and PMAT to clear extracellular 5-HT in FSL rats may contribute to their depressive-like phenotype 
as well as the need for SSRIs to be administered chronically in order to produce antidepressant-like effects in the 
FST. Consistent with this view, decynium-22 (a blocker of OCT3 and PMAT) produced antidepressant-like ef- 
fects in FSL rats after an acute injection [48]. This behavioral effect was paralleled by greater inhibition of 5-HT 
clearance in hippocampus of FSL rats following decynium-22, compared with SD rats [48]. 

In addition to 5-HT, OCTs and PMAT can transport norepinephrine and dopamine [49], neurotransmitters 
that have also been implicated in depression and its treatment. Thus, the antidepressant-like activity of decy- 
nium-22 in FSL rats might also be attributed to increased extracellular norepinephrine and dopamine. Relevant 
to this argument is the observation that antidepressant-like effects in FSL rats could be seen after just 5 days of 
chronic treatment with desipramine, but not with fluoxetine [50], Future studies will address these possibilities. 
To date, however, these data support the utility of FSL rats as a model of depression that can be used to explore 
new targets, such as OCTs and PMAT, for the development of more rapidly acting antidepressant drugs. 

2.4. Behavioral Characteristics 
Initial characterization of the FSL rat focused on increased sensitivity to cholinergic agonists and exaggerated 
swim test immobility [2]. Since that time, a number of other behavioral tests have been conducted, including an 
early demonstration that FSL and FRL rats did not differ in their performance in the elevated plus maze, a find- 
ing that suggested a lack of anxiety-like behavior in FSL rats [51]. A summary of the behavioral/physiological 
differences and similarities of FSL and FRL/SD rats is given in Table 1. 

Once the similarity between FSL rats and depressed humans in regard to their muscarinic supersensitivity was 
recognized, several behavioral/physiological studies relevant to depression were carried out, as shown in the 
upper half of Table 1. The increase in Rapid Eye Movement (REM) sleep was one of the first parameters to be 
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determined in FSL rats [12] and this finding was replicated in the laboratory of a different investigator later [52]. 
A similar abnormality has been well established in depressed subjects (see [12] [52]) Based on earlier studies on 
depressed subjects, a phase advance of the circadian rhythm was predicted for FSL rats. Two studies confirmed 
this prediction [53] [54], and later studies in humans have confirmed parallel abnormalities in circadian rhythms 
in depressed patients [55] [56]. FSL rats were also shown to have similar impairments in immunological func- 
tions to depressed individuals [57] [58]. Most recently, a microarray analysis of hippocampal brain tissue re- 
vealed an abnormality in the adipocytokine signaling pathway in the FSL rat compared to the SD rat; a similar 
abnormality in humans with depressive symptoms has been suggested [59]. 

Given the great interest currently in neuroimmune systems in neuropsychiatric disease, including depression, 
and addiction [60]-[62], it might be a fruitful endeavor to examine normal and environmentally or pharmaco- 
logically challenged FSL rats to further probe novel cytokine-based mechanisms that may impact their abnormal 
behaviors. This point is underscored by the observations that stress is a risk factor in both addiction (relapse) and 
depression, and stress increases neuroimmune markers peripherally as well as in brain [63]-[66]. 

Another set of experiments sought to explore whether FSL rats exhibit anhedonia, one of the key symptoms 
of depression. Under baseline conditions, FSL rats did not differ from FRL rats for either saccharin intake [67] 
or the threshold for rewarding brain electrical self-stimulation [68]. However, when chronic mild stress was  
 

Table 1. Behavioral and physiological characteristics of FSL and FRL rats.    

Parameter Difference References 

Muscarinic   

Sensitivity FSL > FRL [1] [6] [15] [16] 

5-HT1A   

Sensitivity FSL > FRL [6] [7] [23] [42] 

REMa Sleep FSL > FRL [12] [52] 

Circadian Rhythm FSL < FRL [53] [54] 

Immune Function FSL < FRL [57] [58] 

Adipocytokine   

Signaling FSL < FRL [59] 

Saccharin Intake FSL = FRL [67] 

Rewarding Brain   

Self-Stimulation FSL = FRL [68] 

Active Avoidance FSL < FRL [69] 

Appetitive   

Learning FSL = FRL [70] 

FSTb Immobility FSL > FRL [6] [71]-[77] 

Social Interaction FSL < FRL [74] [75] [77] 

Elevated Plus   

Maze FSL = FRL [51] 

General Activity FSL = FRL [51] [75] [77] 

Acoustic Startle FSL < FRL [14] 

Maternal   

Behavior FSL < FRL [78] 

 FSL < SD [79] 
aRapid eye movement; bForced swim test. 
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employed, FSL rats exhibited a much greater decrease in saccharin intake than FRL rats [67]. Thus, for anhedo- 
nia, depressive-like behavior of FSL rats was revealed only when subjected to stress. A similar interpretation 
might be invoked to account for the findings of two other studies. When active avoidance learning was ex- 
amined, FSL rats were impaired [69] but when appetitive learning was studied, FSL and FRL rats performed si- 
milarly [70]. A likely explanation for these different outcomes is that the shock stimulus used in the active 
avoidance paradigm is a stronger stressor than that associated with water deprivation used in the appetitive 
learning paradigm, again underlining a stress x gene interaction in terms of precipitating anhedonia in FSL rats. 

To some degree, the exaggerated immobility of FSL rats in the forced swim test (FST) (e.g., [6] [71]-[77]) 
may be accounted for by their greater sensitivity to stressors. It has been commonly assumed that this exagge- 
rated immobility is a sign of depressed-like behavior, in part because it can be counteracted by chronic antide- 
pressant treatment (e.g., [71]-[77]). However, this conclusion is weakened by evidence that antidepressant 
treatment may also have anxiolytic effects. Consistent with this view, lower social interaction behavior in FSL 
rats is also counteracted by chronic antidepressant treatment (e.g., [74] [77]). However, the situation is even 
more complicated, because FSL rats do not differ from FRL rats in either total entries or entries into open arms 
of the elevated plus maze, another test of anxiety-like behavior [51]. Thus, the “basal anxiety” level of FSL rats 
does not appear to differ from FRL rats. In addition to providing a measure of anxiety, low levels of sociability 
in the social interaction test may also be reflective of depressive-like behavior (see [4] [80]). One might specu- 
late that the social interaction test is more stressful than the elevated plus maze test, revealing a differential re- 
sponse between FSL and FRL rats in the social interaction test. In any case, activity-related measures in the two 
tasks do not differ in the two lines (Table 1; [51] [77]). 

For most tasks that have included SD rats in the comparison, FRL rats have performed similarly to SD rats. 
When differences have emerged, as in the forced swim test, the FSL rat has differed from the other two. How- 
ever, when the acoustic startle test was employed, FRL rats differed from SD and FSL rats, which did not differ 
from each other [14]. The implications of this finding are not immediately apparent, although it is intriguing to 
consider that this test has often been used in modeling schizophrenia (see [14] [70]). If so, then we can conclude 
that the FSL rat, whose behavior is not different from the SD rats, is not a model for schizophrenia. 

Two studies have reported that maternal behavior of FSL rat dams is impaired [78] [79]. Cross-fostering of 
FSL pups to FRL dams resulted in a reduction of immobility in the forced swim test as adults, but cross-foster- 
ing of FRL pups to FSL dams did not change immobility scores [78]. Thus, rearing FSL pups by the normal 
FRL dams has an antidepressant-like effect. 

A few studies have suggested that the FSL rat shares similarities with some of the psychogenetically selected 
lines of rodents. Its reduced performance in the active avoidance test [69] suggests that the FSL rat may share 
some similarities with the Roman Low Avoidance (RLA) rat, which was selectively bred for low performance 
on this task (see [80]). Earlier studies provided some support for this, when it was found that RLA rats were 
more sensitive to cholinergic agonists in a complex maze compared to Roman High Avoidance (RHA) rats [81]. 
However, unlike FSL and FRL rats, there were no differences in muscarinic receptor binding between RLA and 
RHA rats [82]. More recent studies have shown that RLA rats, like FSL rats, are more immobile in the FST than 
RHA rats and that this immobility can be counteracted by chronic treatment with antidepressants [83] [84]. 

Another series of studies have compared the FSL rat to the Wistar Kyoto (WKY) rat, which was selectively 
bred as the normotensive control in a selective breeding study for hypertension and later found to have a variety 
of disturbances of emotional behavior (see [80]). These studies confirmed that WKY and FSL rats were both 
more immobile in the FST than their control counterparts (Wistar and FRL), but the WKY rat also exhibited re- 
duced reward-related behavior and greater anxiety [85]-[88]. The H/Rouen mice, selectively bred for increased 
immobility in the tail suspension test, resemble the FSL rat in exhibiting increased REM sleep and a greater ef-
fect of muscarinic agonists on REM sleep [89]. However, there were no differences in 5-HT1A agonist-induced 
suppression of REM sleep [89] and the H/Rouen mice exhibited both depressive-like and anxiety-like behaviors 
on a variety of tasks [90]. Thus, both the WKY rat and the H/Rouen mouse may model a more severe depression 
with comorbid anxiety, whereas the FSL rat may model less severe depression without comorbid anxiety. Fur- 
ther tests of anxiety-like behavior in the FSL rat are required to substantiate this conclusion.  

3. HDS and LDS Lines 
3.1. Initial Selection 
As discussed, the FSL rat was found to be more sensitive to 5-HT agonists than the FRL rat [5] [23]. Moreover, 
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exaggerated immobility in the forced swim test was correlated with 5-HT sensitivity but not cholinergic sensi- 
tivity [6]. Consequently, a selective breeding study was conducted using 8-OH-DPAT, a selective 5-HT1A re- 
ceptor agonist. A genetically heterogeneous rat strain, established by the interbreeding of 8 inbred strains, was 
obtained from the National Institutes of Health Heterogeneous Stock colony [2]. Once established, rats were 
challenged with 8-OH-DPAT at puberty (30 days) and core body temperature was recorded 30 min later with a 
rectal probe. The ten males and females showing the greatest decrease in temperature were used to establish the 
high “DPAT” sensitive line (HDS), while the ten males and females showing the least decrease in temperature 
were used to establish the low “DPAT” sensitive line (LDS). The remaining rats were inter-mated to establish 
the randomly selected line (RDS). Mating strategy avoided brother-sister breeding and took place at about 70 
days of age, after the rats were subjected to the forced swim test. At about 35 days of age, the hypothermic re- 
sponse of rats to either 8-OH-DPAT or the cholinergic agonist, oxotremorine, was recorded (30 min after drug 
administration). There was a bidirectional rapid selection for the differential hypothermic effects of 8-OH-DPAT, 
with the HDS rats exhibiting a 0.5˚C greater drop than the RDS rats and the LDS being (0.5˚C lower by the 3rd 
generation). There was also a smaller but significant difference in the response of LDS and HDS rats to choli- 
nergic agonists, which became larger with increasing generations [5]. A follow-up study revealed that the HDS 
rats became even more sensitive to 8-OH-DPAT over generations, with a decrease in core body temperature up 
to 4˚C compared to 1.3˚C - 1.9˚C for RDS rats, and 0.5˚C for LDS rats [91]. 

3.2. Serotonergic Effects 
The hypothermic response to 8-OH-DPAT was blocked by a 5-HT1A receptor antagonist but not a 5-HT7 anta- 
gonist, a finding that confirmed that the hypothermic effects of 8-OH-DPAT were mediated by its action at 
5-HT1A receptors rather than 5-HT7 receptors [91]. Receptor binding studies revealed that HDS rats exhibited 
higher 5-HT1A receptor binding in cortical and limbic regions compared to RDS and LDS rats, but there were 
no differences in raphe or hypothalamic nuclei [91] [92]. Later studies using behavioral tests reflective of selec- 
tive 5-HT receptor action showed that behaviors initiated by stimulation of 5-HT2 or 5-HT3 receptors did not 
differ between HDS and LDS rats, whereas a behavior reflective of 5-HT1A receptor stimulation did [93]. Fur- 
thermore, differences in 5-HT1A binding sites between HDS and LDS rats were confirmed and determined not 
to be related to changes in G proteins [93]. Thus, selective breeding for the hypothermic effect of 8-OH-DPAT 
has been quite selective for 5-HT1A receptors and is associated with elevated 5-HT1A receptors, but not in re- 
gions normally associated with regulation of body temperature (e.g., hypothalamus). Further evidence for the 
selectivity of 5-HT1A receptor sensitivity comes from in vivo microdialysis studies. There were no differences 
in baseline extracellular 5-HT but HDS rats showed a greater increase in extracellular 5-HT after fenfluramine, a 
5-HT releasing agent [94]. 

3.3. Other Neurotransmitter Systems 
The cholinergic system has been the only system explored in HDS and LDS lines to date. HDS rats have in- 
creased sensitivity to the hypothermic effects of oxotremorine, which appeared early in development of the lines 
[5] but did not show further separation with continued selection for 8-OHDPAT [91]. The fact that rats selected 
for cholinergic sensitivity are more sensitive to the hypothermic effects of 5-HT1A receptor agonists, while 
those selected for 5-HT1A receptor sensitivity are more sensitive to the hypothermic effects of muscarinic ago- 
nists suggests that some common factor beyond the receptors might be involved. Possible factors will be consi- 
dered in the discussion (see [4]) 

3.4. Behavioral Characteristics 
Initial studies focused on the FST because immobility in this test was correlated with hypothermic effects of a 
5-HT1A receptor agonist in the FSL and FRL F2 progeny [6]. Likewise, differences in immobility occurred 
early on in the selection for 5-HT1A-induced hypothermic effects, with HDS rats being more immobile, as pre- 
dicted [5]. Later studies confirmed the exaggerated immobility in HDS rats, indicative of a depressive-like phe- 
notype. Surprisingly, HDS rats drank more saccharin in the sucrose preference test suggesting that these rats do 
not display anhedonia, a prominent feature of depression [91]. Sucrose intake by HDS rats was reduced to a 
greater extent by 8-OHDPAT treatment compared to LDS rats [91]. These findings, along with those from other 
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behavioral tests, are shown in Table 2. 
Social interaction and behavior in the elevated plus maze are two tests of anxiety-related behavior. HDS rats 

exhibited reduced social interaction without a change in activity. HDS and LDS rats did not differ in either total 
entries or entries into the open arms of the elevated plus maze [95] [96]. Thus, the HDS rat, like the FSL rat, 
showed anxiety-like behavior on the social interaction task but not the elevated plus maze. To further character- 
ize these rats the effects of intrahippocampal 8-OH-DPAT were studied. LDS but not HDS rats exhibited an an- 
xiogenic effect in the social interaction test, while no effects of intrahippocampal 8-OH-DPAT were observed in 
the elevated plus maze [95]. Acute fluoxetine treatment had similar anxiogenic effects in the social interaction 
test, without effects in the elevated plus maze [96]. On the other hand, chronic fluoxetine treatment did not af- 
fect behavior in the social interaction test, but had an anxiogenic effect in HDS rats in the elevated plus maze 
[96]. Furthermore, the intrahippocampal effects of 8-OH-DPAT were not altered after chronic fluoxetine treat- 
ment, suggesting that sensitivity of the 5-HT1A receptor was not changed [96]. These findings are hard to re- 
concile with the increased sensitivity to 5-HT1A-receptor agonist-induced hypothermia [2] [91] and elevated 5- 
HT1A receptors [92] [93] in HDS rats. 

Another study employed the acoustic startle response, with baseline results being similar to those for FSL and 
FRL rats [14]. Like FRL rats, LDS rats exhibited an increased response to the tone [97]. However, the condi- 
tioned startle response was unaffected. Both 8-OHDPAT and buspirone increased startle in LDS rats but not 
HDS rats [97]. This increased effect in LDS rats does not seem to be consistent with the increased hypothermic 
sensitivity to 8-OH-DAT and suggests that the increased sensitivity of HDS rats may be specific for hypother- 
mic effects. 

Another study provided evidence for a similar conclusion. To investigate possible anxiety-like behavior in 
HDS rats, a conflict task was employed. After water restriction, rats obtained water in a drinking tube that was 
electrified for some time periods. These periods were paired with a tone and resulted in a 10-fold suppression of 
drinking [98]. HDS rats received fewer shocks and drank less water under baseline conditions than LDS rats, a 
finding that suggested anxiety-like behavior [98]. Low doses of 8-OH-DPAT produced small increases in shocks 
received (anxiolytic effect), while higher doses produced a reduction in water intake; these effects were compa- 
rable in HDS and LDS rats [98]. Thus, while anxiety-like behavioral differences were seen in HDS and LDS rats, 
there was no differential anxiolytic effect of 8-OH-DPAT. The final study employed a differential reinforcement 
of low (DRL) rates of responding task because of earlier evidence showing this task to be sensitive to antide- 
pressant treatments [99]. If the rat responds too often, its rate of reinforcement is reduced. The HDS rats re- 
sponded at a high rate and thus had a lower reinforcement rate than LDS rats [99]. Both the HDS and LDS rats 
responded to 8-OH-DPAT with a decrease in response rate and an increase in reinforcement rate [99]. In con- 
trast, desipramine, a well-known antidepressant, selectively increased reinforcement rate in both lines [99]. 
Since antidepressants increase reinforcement rates, it was thought that the “depressed” HDS rats might exhibit a 
reduced reinforcement rate, but this was not the case. It is likely that the DRL task is reflective of different as- 
pects of behavior than the forced swim test, because the latter involves a larger degree of stress. 

Behavioral characterization of HDS and LDS lines is not yet complete. It will be useful to have information 
about these lines on tasks that differentiated the FSL and FRL rats, such as REM sleep and circadian rhythms 
(see Table 1) or their response to chronic treatment with other antidepressants (e.g., [71]-[77]). Nevertheless, 
the HDS rats are quite similar to the FSL rats for virtually all of the behaviors that have been studied in both 
groups (compare Table 1 with Table 2). 

4. Discussion 
Despite incomplete behavioral profiles of the two lines (FSL & FRL and HDS & LDS), there are some remark- 
able similarities, as presented in Table 1 and Table 2. Both lines are more sensitive to the hypothermic effects 
of muscarinic and 5-HT1A receptor agonists (e.g., [5] [6] [15] [91]). However, while the increased muscarinic 
response in FSL rats is associated with increased muscarinic receptors in hypothalamus [17] [18], there is not an 
increase in 5-HT1A receptor binding in the hypothalamus of HDS rats [92]. Nothing is known about muscarinic 
receptors in the HDS rats, but there is evidence for reduced 5-HT1A receptor binding in FSL rats [100] [101]. 
Thus, the hypothermic supersensitivity of the FSL and HDS rats to muscarinic and 5-HT1A receptor agonists is not 
explained solely by increases in the respective receptors. Although gene expression profiling provided evidence 
for small increases in muscarinic receptor and 5-HT1A receptor genes in the FSL rat, much larger differences 
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Table 2. Behavioral characteristics of HDS & LDS rats.             

Parameter Difference References 

Immobility in FSTa HDS > LDS [5] [91] 

Saccharin Intake HDS > LDS [91] 

Social Interaction HDS < LDS [94] [95] 

Plus Maze HDS = LDS [91] [95] [96] 

General Activity HDS = LDS [91] [95] [96] 

Acoustic Startle HDS < LDS [97] 

Conflict Task HDS < LDS [98] 

DRLb Responses HDS < LDS [99] 

DRLb Reinforcers HDS > LDs [99] 
aFST = Forced swim test; bDRL = Delayed reinforcement of low rate. 

 
were found for other genes [102]. 

Support for a muscarinic or 5-HT1A supersensitivity model of depressive disorders is further eroded by con- 
sideration of data from depressed humans. Muscarinic receptor binding is reduced in depressed individuals [103] 
and mention was made earlier about the lack of efficacy of antimuscarinic drugs as antidepressant [35]. How- 
ever, there is some excitement arising from new papers suggesting a rapid antidepressant effect of scopolamine 
[104]. The hormonal response to 5-HT1A receptor agonists appears to be unchanged in depressed individuals 
[105] [106], while there are mixed reports about 5-HT1A receptor binding [107] [108]. So far, there have not 
been any studies on the hypothermic effects of muscarinic or 5-HT1A receptor agonists in humans, so we have 
no direct comparisons. 

The dopaminergic system might be another candidate as an abnormal neurochemical system in FSL rats. FSL 
rats have elevated catecholamine levels in limbic regions and these levels are normalized by chronic antidepres- 
sant treatment [24]. FSL rats also fail to release dopamine in the prefrontal cortex when stressed by foot shock 
[26]. However, FSL rats show increased sensitivity to the hypothermic effects of dopamine D2 agonists but re- 
duced sensitivity to the locomotor and stereotypic effects of these drugs [23] [109]. Furthermore, there were no 
differences in dopamine D2 receptor binding between FSL and FRL rats [4] [25]. 

Recently, it was suggested that the potassium channel, which is a tertiary component of the hypothermic res- 
ponses to 5-HT1A and muscarinic receptor-induced hypothermia, could contribute to the supersensitivity in the 
FSL rat [4]. Such a model would also explain how the FSL rat is also more sensitive to the hypothermic effects 
of dopamine D2 receptor agonists [25]; see Overstreet and Wegener [4] for further discussion. 

Nevertheless, it is clear that selective breeding for muscarinic or 5-HT1A-induced hypothermia has resulted in 
rat lines with remarkably similar behavioral profiles for the tests that have been conducted in both lines. Thus, 
the FSL and HDS rats are both more immobile in the FST, and exhibit reduced social interaction when com- 
pared to their control FRL and LDS counterparts (Table 1 and Table 2). On the other hand, there are no differ- 
ences in general activity or entries into the open arms of the elevated plus maze. Saccharin intake does not differ 
in FSL and FRL lines under basal conditions (Table 1) but HDS rats drink more saccharin solution than LDS 
rats (Table 2). These patterns of behavior suggest that FSL and HDS rats may be regarded as models of mild 
depression with some symptoms of anxiety and an absence of anhedonia. 

Another view is to regard FSL and HDS rats as depression-prone, with depressive-like symptoms only emerg- 
ing when stressors are applied. Thus, the stress of water exposure in the FST elicits a very dramatic decrease in 
behavior, but the exposure to the putatively less stressful elevated plus maze does not. The reduction in res- 
ponding in the active avoidance task by FSL rats [69] could also be viewed as a response to a stressor. In this 
regard, it should be mentioned that FSL rats responded at a reduced rate in the appetitive learning task although 
its accuracy of response did not differ from FRL rats [70]. 

Two biochemical studies in FSL and FRL rats are consistent with this view. When a foot shock was applied to 
FSL and SD control rats, SD rats exhibited a typical increase in dopamine in limbic cortical regions, but FSL 
rats did not [26]. When FSL and FRL rats were subjected to a one hour restraint stress, FRL rats exhibited an 
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adaptive increase in corticotrophin releasing hormone mRNA, but FSL rats did not [95]. Thus, the FSL rat is 
less capable of mobilizing systems involved in the reaction to stress and, consequently, exhibits impaired beha- 
vioral responses. 

Recent studies in the National Institutes of Health heterogeneous stock (NIH-HS) rats, from which the HDS 
and LDS rats were developed, are of relevance here. By studying a large sample of these NIH-HS rats investi- 
gators were able to perform a correlational and factor analytical study on multiple behaviors in the elevated zero 
maze and open field activity. The analysis revealed that many of the behaviors could be grouped predominantly 
into one of two factors, one of which might reflect anxiety-like behavior [110]. Another study showed that NIH- 
HS rats and RLA rats exhibited both anxiety-like and depressed-like behavior and greater hormonal responses to 
the behavioral tasks [111]. Of particular interest to the present discussion are observations that low performance 
in the active avoidance task is associated with FST immobility [112] and high performance in the active avoid- 
ance task is associated with high acoustic startle responses [113]. This pattern of behavioral associations is ex- 
actly what FSL and FRL rats show (Table 1). More extensive behavioral testing of FSL and FRL rats using the 
tasks and behavioral measures performed in NIH-HS rats might reveal an even more intriguing pattern, particu- 
larly as related to anxiety-like behavior, for which there is currently mixed results in FSL and FRL rats. Exten- 
sion of the study in F2 rats derived from an FSL and FRL cross [3] to include such behaviors may provide even 
more informative results. Another fruitful line of investigation would be to study the different psychogenetically 
selected lines [80] in the same behavioral battery and subject the data to a factor analysis, as was done with the 
different alcohol-preferring lines and strains [114]. It is also of interest to carry out the social interaction test in 
NIH-HS rats to see which behaviors in this task are associated with the previously recorded behaviors.  

It must be emphasized that rodent models of complex behavioral constructs in humans are limited by the he- 
terogeneity of symptoms that are used to form the constructs. Depressive disorders are diagnosed when individ- 
uals exhibit certain behavioral symptoms. These could include changes in appetite (up or down), activity level 
(usually down) and sleep (up or down). So-called atypical depression is associated with increased appetite and 
excessive sleeping, which is different from the reduced appetite and sleeping of the typical depressed individual. 
A rodent model cannot be expected to mimic all of the symptoms typically displayed by depressed individuals. 
However, it is suggested that the FSL rat is an adequate model of depression because it exhibits some behaviors 
that are reminiscent of symptoms in depressed humans. Clearly, it does not exhibit anhedonia under baseline 
conditions (Table 1), but it drinks less saccharin solution when subjected to chronic mild stress [67]. The fact 
that the exaggerated immobility of the FSL rat is reduced by standard and novel antidepressants [71]-[77] strongly 
supports the contention that the FSL rat is a useful animal of depression. 

The FSL rat model is now well-established, with breeding colonies in Sweden, Denmark, Israel, South Africa, 
Australia, Canada and the US. See the recent review [4] to learn about recent research done in these regions. 

While behavioral and physiological endpoints have been fruitful and dominant foci in the use of FSL and 
HDS rats in modeling human psychiatric conditions, a future focus on neuroanatomical characteristics would 
likely also be meritorious. In this regard, contemporary tools in circuit mapping and signaling control offer a 
potentially rich platform upon which to assess mechanisms of strain-dependent differences in behavior. Tools 
associated with optogenetic [115] and DREADD (designer receptors exclusively activated by designer drugs)  
[116] technologies and the viral constructs used to deliver them in vivo permit specific access to select neuronal 
populations and circuits to pursue neurobiological processes controlling behavior. Strong and typically rapid se- 
lective breeding of hypothermic, anxiety-like, and depressive-like behaviors in the lines described herein suggest 
that specific circuits (e.g., hypothalamic and cortical) and receptor/neurotransmitter systems (e.g., 5-HT1A and 
cholinergic) would be intriguing targets of future studies. 

Acknowledgements 
This work was supported by funding to Darin Knapp (City of Hope Foundation) and Lynette Daws (NIH grants 
R01 MH64489 and R01 MH093320) 

References 
[1] Russell, R.W. and Overstreet, D.H. (1987) Mechanisms Underlying Sensitivity to Organophosphorus Anticholineste- 

rase Agents. Progress in Neurobiology, 28, 97-l29. http://dx.doi.org/10.1016/0301-0082(87)90008-6 
[2] Overstreet, D.H. (1986) Selective Breeding for Increased Cholinergic Function: Development of a New Animal Model 

http://dx.doi.org/10.1016/0301-0082(87)90008-6


D. J. Knapp et al. 
 

 
234 

of Depression. Biological Psychiatry, 2l, 9-18.  
[3] Overstreet, D.H. (1993) The Flinders Sensitive Line Rats: A Genetic Animal Model of Depression. Neuroscience and 

Biobehavioral Reviews, 17, 51-68. http://dx.doi.org/10.1016/S0149-7634(05)80230-1 
[4] Overstreet, D.H. and Wegener, G. (2013) The Flinders Sensitive Line Model of Depression—25 Years and Still Pro- 

ducing. Pharmacological Reviews, 65, 143-155. http://dx.doi.org/10.1124/pr.111.005397 
[5] Overstreet, D.H., Rezvani, A.H., Pucilowski, O., Gause, L. and Janowsky, D.S. (1994) Rapid Selection for Seroto- 

nin-1A Sensitivity in Rats. Psychiatric Genetics, 4, 57-62. http://dx.doi.org/10.1097/00041444-199421000-00008 
[6] Overstreet, D.H., Janowsky, D.S., Pucilowski, O. and Rezvani, A.H. (1994) Swim Test Immobility Cosegregates with 

Serotonergic but Not Cholinergic Sensitivity in Cross Breeds of Flinders Line Rats. Psychiatric Genetics, 4,101-107.  
http://dx.doi.org/10.1097/00041444-199422000-00007 

[7] Overstreet, D.H., Daws, L.C., Schiller, G.D., Orbach, J. and Janowsky, D.S. (1998) Cholinergic/Serotonergic Interac- 
tions in Hypothermia: Implications for Rat Models of Depression. Pharmacology, Biochemistry and Behavior, 59, 
777-785. http://dx.doi.org/10.1016/S0091-3057(97)00514-5 

[8] Overstreet, D.H. and Yamamura, H.I. (1979) Receptor Alterations and Drug Tolerance. Life Sciences, 25, l865-l878.  
[9] Overstreet, D.H., Kozar, M.D. and Lynch, G.D. (1973) Reduced Hypothermic Effects of Cholinomimetic Agents Fol- 

lowing Chronic Anticholinesterase Treatment. Neuropharmacology, 12, 1017-l032.  
[10] Overstreet, D.H., Russell, R.W., Vasquez, B.J. and Dalglish, F.W. (1974) Involvement of Muscarinic and Nicotinic 

Receptors in Behavioral Tolerance to DFP. Pharmacology, Biochemistry and Behavior, 2, 45-54.  
[11] Overstreet, D.H., Russell, R.W., Helps, S.C. and Messenger, M. (1979) Selective Breeding for Sensitivity to the Anti- 

cholinesterase, DFP. Psychopharmacology, 65, 15-20. http://dx.doi.org/10.1007/BF00491972 
[12] Shiromani, P.J., Overstreet, D.H., Levy, D., Goodrich, C.A., Campbell, S.S. and Gillin, J.C. (1988) Increased REM 

Sleep in Rats Selectively Bred for Cholinergic Hyperactivity. Neuropsychopharmacology, 1, 127-l33.  
http://dx.doi.org/10.1016/0893-133X(88)90004-8 

[13] Zangen, A., Overstreet, D.H. and Yadid, G. (1997) High Serotonin and 5-Hydroxyindoleacetic Acid Levels in Limbic 
Regions of a Rat Model of Depression: Normalization by Chronic Antidepressant Treatment. Journal of Neurochemi- 
stry, 69, 2477-2483. http://dx.doi.org/10.1046/j.1471-4159.1997.69062477.x 

[14] Markou, A., Matthews, K., Overstreet, D.H., Koob, G.F. and Geyer, M.A. (1994) Flinders Resistant Hypocholinergic 
Rats Exhibit Startle Sensitization and Reduced Startle Thresholds. Biological Psychiatry, 36, 680-688. 
http://dx.doi.org/10.1016/0006-3223(94)91177-0 

[15] Overstreet, D.H. and Russell, R.W. (1982) Selective Breeding for Sensitivity to DFP. Effects of Cholinergic Agonists 
and Antagonists. Psychopharmacology, 78, l50-l54. http://dx.doi.org/10.1007/BF00432254 

[16] Overstreet, D.H., Russell, R.W., Crocker, A.D. and Schiller, G.D. (1984) Selective Breeding for Differences in Choli- 
nergic Function: Pre- and Post-Synaptic Mechanisms Involved in Sensitivity to the Anticholinesterase, DFP. Brain 
Research, 294, 327-332. http://dx.doi.org/10.1016/0006-8993(84)91044-8 

[17] Daws, L.C., Schiller, G.D., Overstreet, D.H. and Orbach, J. (1991) Early Development of Muscarinic Supersensitivity 
in a Genetic Animal Model of Depression. Neuropsychopharmacology, 4, 207-217.  

[18] Daws, L.C. and Overstreet, D.H. (1999) Ontogeny of Muscarinic Cholinergic Supersensitivity in the Flinders Sensitive 
Line Rat. Pharmacology, Biochemistry and Behavior, 62, 367-380.  

[19] Schiller, G.D. and Overstreet, D.H. (1993) Selective Breeding for Increased Cholinergic Function: Preliminary Study 
of Nicotinic Mechanisms. Medicinal Chemistry Research, 2, 578-583.  

[20] Auta, J., Lecca, D., Nelson, M., Guidotti, A., Overstreet, D.H., Costa, E. and Javaid, J.I. (2000) Expression and Func- 
tion of Striatal nAChRs Differ in the Flinders Sensitive (FSL) and Resistant (FRL) Rat Lines. Neuropharmacology, 39, 
2624-2631. http://dx.doi.org/10.1016/S0028-3908(00)00082-4 

[21] Overstreet, D.H., Russell, R.W., Hay, D.A. and Crocker, A.D. (1992) Selective Breeding for Increased Cholinergic 
Function: Biometrical Genetic Analysis of Muscarinic Responses. Neuropsychopharmacology, 7, 197-204.  

[22] Hasegawa, S., Nishi, K., Watanabe, A., Overstreet, D.H. and Diksic, M. (2006) Brain 5-HT Synthesis in the Flinders 
Sensitive Line Rat Model of Depression: An Autoradiographic Study. Neurochemistry International, 48, 358-366.  
http://dx.doi.org/10.1016/j.neuint.2005.11.012 

[23] Wallis, E., Overstreet, D.H. and Crocker, A.D. (1988) Selective Breeding for Increased Cholinergic Function: In- 
creased Serotonergic Sensitivity. Pharmacology Biochemistry and Behavior, 31, 345-350.  
http://dx.doi.org/10.1016/0091-3057(88)90356-5 

[24] Zangen, A., Nakash, R., Overstreet, D.H. and Yadid, G. (2001) Association between Depressive Behavior and Absence 
of Serotonin-Dopamine Interaction in the Nucleus Accumbens. Psychopharmacology, 155, 434-439.  
http://dx.doi.org/10.1007/s002130100746 

http://dx.doi.org/10.1016/S0149-7634(05)80230-1
http://dx.doi.org/10.1124/pr.111.005397
http://dx.doi.org/10.1097/00041444-199421000-00008
http://dx.doi.org/10.1097/00041444-199422000-00007
http://dx.doi.org/10.1016/S0091-3057(97)00514-5
http://dx.doi.org/10.1007/BF00491972
http://dx.doi.org/10.1016/0893-133X(88)90004-8
http://dx.doi.org/10.1046/j.1471-4159.1997.69062477.x
http://dx.doi.org/10.1016/0006-3223(94)91177-0
http://dx.doi.org/10.1007/BF00432254
http://dx.doi.org/10.1016/0006-8993(84)91044-8
http://dx.doi.org/10.1016/S0028-3908(00)00082-4
http://dx.doi.org/10.1016/j.neuint.2005.11.012
http://dx.doi.org/10.1016/0091-3057(88)90356-5
http://dx.doi.org/10.1007/s002130100746


D. J. Knapp et al. 
 

 
235 

[25] Crocker, A.D. and Overstreet, D.H. (1991) Changes in Dopamine Sensitivity in Rats Selectively Bred for Differences 
in Cholinergic Function. Pharmacology, Biochemistry and Behavior, 38, 105-108.  

[26] Yadid, G., Overstreet, D.H. and Zangen, A. (2001) Limbic Dopaminergic Adaptation to a Stressful Stimulus in a Rat 
Model of Depression. Brain Research, 896, 43-47. http://dx.doi.org/10.1016/S0006-8993(00)03248-0 

[27] Zangen, A., Overstreet, D.H. and Yadid, G. (1998) Increased Catecholamine Levels in Specific Brain Regions of a Rat 
Model of Depression: Normalization by Chronic Antidepressant Treatment. Brain Research, 824, 243-250.  
http://dx.doi.org/10.1016/S0006-8993(99)01214-7 

[28] Caberlotto, L., Fuxe, K., Overstreet, D.H., Gerrard, P. and Hurd, Y.L. (1998) Alterations in Neuropeptide Y and Y1 
Receptor mRNA Expression in Brains of an Animal Model of Depression: Region Specific Adaptation after Fluoxetine 
Treatment. Molecular Brain Research, 59, 58-65. http://dx.doi.org/10.1016/S0169-328X(98)00137-5 

[29] Caberlotto, L., Jimenez, P., Overstreet, D.H., Hurd, Y.L., Mathe, A.A. and Fuxe, K. (1999) Alterations in Neuropep- 
tide Y Levels and Y1 Binding Sites in the Flinders Sensitive Line Rats, a Genetic Animal Model of Depression. Neu- 
roscience Letters, 265, 191-194. http://dx.doi.org/10.1016/S0304-3940(99)00234-7 

[30] Jimenez-Vazquez, P.A., Overstreet, D.H. and Mathe, A.A. (2000) Neuropeptide Y in Male and Female Brains of 
Flinders Sensitive Line, a Rat Model of Depression. Effects of Electroconvulsive Stimuli. Journal of Psychiatric Re- 
search, 34, 405-412. http://dx.doi.org/10.1016/S0022-3956(00)00036-4 

[31] Jimenez-Vasquez, P.A., Diaz-Cabiale, Z., Caberlotto, L., Bellido, I., Overstreet, D., Fuxe, K. and Mathe, A.A. (2007) 
Electroconvulsive Stimui Selectively Affect Behavior and Neuropeptide Y (NPY) and NPY Y(1) Receptor Gene Ex- 
pressions in Hippocampus and Hypothalamus of Flinders Sensitive Line Rat Model of Depression. European Neuro- 
psychopharmacology, 17, 298-308. http://dx.doi.org/10.1016/j.euroneuro.2006.06.011 

[32] Wegener, G., Harvey, B.H., Bonefeld, B., Müller, H.K., Volke, V., Overstreet, D.H. and Elfving, B. (2009) Increased 
Stress-Evoked Nitric Oxide Signalling in the Flinders Sensitive Line (FSL) Rat: A Genetic Animal Model of Depression. 
International Journal of Neuropsychopharmacology, 23, 1-13.  

[33] Janowsky, D.S., Overstreet, D.H. and Nurnberger Jr., J.I. (1994) Is Cholinergic Sensitivity a Genetic Marker for the 
Affective Disorders. American Journal of Medical Genetics, 54, 335-344.  
http://dx.doi.org/10.1002/ajmg.1320540412 

[34] Shiromani, P.J., Overstreet, D.H., Lucero, S., Double, K.L. and Jeong, D.O. (1990) Dietary Lithium Blunts Oxotremo- 
rine-Induced Hypothermia in a Genetic Animal Model of Depression. Lithium, 1, 186-190.  

[35] Shiromani, P.J., Overstreet, D.H. and Lucero, S. (1990) Failure of Dietary Lithium to Alter Immobility in an Animal 
Model of Depression. Lithium, 1, 241-244.  

[36] Overstreet, D.H., Dilsaver, S.C., Janowsky, D.S. and Rezvani, A.H. (1990) Effects of Bright Light on Responsiveness 
to a Muscarinic Agonist in Rats Selectively Bred for Endogenously Increased Cholinergic Function. Psychiatric Re- 
search, 33, 149-150. http://dx.doi.org/10.1016/0165-1781(90)90068-G 

[37] Overstreet, D.H., Pucilowski, O., Rezvani, A.H. and Janowsky, D.S. (1995) Administration of Antidepressants, Diaze- 
pam and Psychomotor Stimulants Further Confirms the Utility of Flinders Sensitive Line Rats as an Animal Model of 
Depression. Psychopharmacology, 121, 27-37. http://dx.doi.org/10.1007/BF02245589 

[38] Dilsaver, S.C., Peck, J.A. and Overstreet, D.H. (1992) The Flinders Sensitive Line Exhibits Enhanced Thermic Res- 
ponsiveness to Nicotine Relative to the Sprague-Dawley Rat. Pharmacology, Biochemistry and Behavior, 41, 23-27.  
http://dx.doi.org/10.1016/0091-3057(92)90053-I 

[39] Djuric, V.J., Dunn, E., Overstreet, D.H., Dragomir, A. and Steiner, M. (1999) Antidepressant Effect of Ingested Nico- 
tine in Female Rats of Flinders Resistant and Sensitive Lines. Physiology and Behavior, 67, 533-537.  
http://dx.doi.org/10.1016/S0031-9384(99)00091-8 

[40] Schiller, G.D., Pucilowski, O., Wienicke, C. and Overstreet, D.H. (1992) Immobility-Reducing Effects of Antidepres- 
sants in a Genetic Animal Model of Depression. Brain Research Bulletin, 28, 821-823.  
http://dx.doi.org/10.1016/0361-9230(92)90267-2 

[41] Tizabi, Y., Overstreet, D.H., Rezvani, A.H., Louis, V.A., Clark Jr., E., Janowsky, D.S. and Kling, M.A. (1999) Anti- 
depressant Effects of Nicotine in an Animal Model of Depression. Psychopharmacology, 142, 193-199.  
http://dx.doi.org/10.1007/s002130050879 

[42] Yu, B., Overstreet, D.H. and Gallagher, J.P. (2003) Serotonin Produces an Enhanced Outward Current Recorded at Rat 
Dorsal Lateral Septal Neurons from Flinders Sensitive Line of Rats, a Genetically Selected Animal Model of Depres- 
sion. Neuroscience Letters, 339, 235-238. http://dx.doi.org/10.1016/S0304-3940(03)00012-0 

[43] Baganz, N.L., Horton, R.E., Calderon, A.S., Owens, W.A., Munn, J.L., Watts, L.T., Koldzic-Zivanovic, N., Jeske, 
N.A., Koek, W., Toney, G.M. and Daws, L.C. (2008) Organic Cation Transporter 3: Keeping the Brake on Extracellu- 
lar Serotonin in Serotonin Transporter Deficient Mice. Proceedings of the National Academy of Sciences of the United 
States of America, 105, 18976-18981. http://dx.doi.org/10.1073/pnas.0800466105 

http://dx.doi.org/10.1016/S0006-8993(00)03248-0
http://dx.doi.org/10.1016/S0006-8993(99)01214-7
http://dx.doi.org/10.1016/S0169-328X(98)00137-5
http://dx.doi.org/10.1016/S0304-3940(99)00234-7
http://dx.doi.org/10.1016/S0022-3956(00)00036-4
http://dx.doi.org/10.1016/j.euroneuro.2006.06.011
http://dx.doi.org/10.1002/ajmg.1320540412
http://dx.doi.org/10.1016/0165-1781(90)90068-G
http://dx.doi.org/10.1007/BF02245589
http://dx.doi.org/10.1016/0091-3057(92)90053-I
http://dx.doi.org/10.1016/S0031-9384(99)00091-8
http://dx.doi.org/10.1016/0361-9230(92)90267-2
http://dx.doi.org/10.1007/s002130050879
http://dx.doi.org/10.1016/S0304-3940(03)00012-0
http://dx.doi.org/10.1073/pnas.0800466105


D. J. Knapp et al. 
 

 
236 

[44] Daws, L.C. (2009) Unfaithful Neurotransmitter Transporters: Focus on Serotonin Uptake and Implications for Antide- 
pressant Efficacy. Pharmacology and Therapeutics, 121, 89-99. http://dx.doi.org/10.1016/j.pharmthera.2008.10.004 

[45] Daws, L.C., Koek, W. and Mitchell, N.C. (2013) Revisiting Serotonin Reuptake Inhibitors and the Therapeutic Poten- 
tial of “Uptake-2” in Psychiatric Disorders. ACS Chemical Neuroscience, 4, 16-21.  
http://dx.doi.org/10.1021/cn3001872 

[46] Horton, R.E., Apple, D.M., Owens, W.A., Baganz, N.L., Cano, S., Mitchell, N.C., Vitela, M., Gould, G.G., Koek, W. 
and Daws, L.C. (2013) Decynium-22 Enhances SSRI-Induced Antidepressant Effects in Mice: Uncovering Novel Tar- 
gets to Treat Depression. Journal of Neuroscience, 33, 10534-10543.  
http://dx.doi.org/10.1523/JNEUROSCI.5687-11.2013 

[47] Owens, W.A., Aguilar, D., Overstreet, D.H. and Daws, L.C. (2011) SERT-Ainly Slower: Reduced SERT Expression 
and Function in the Flinders Sensitive Line (FSL) Rat Model of Depression. Neuroscience Abstracts Online, Program 
No. 343.26. 

[48] Owens, W.A., Mitchell, N.C., Overstreet, D.H. and Daws, L.C. (2012) Decynium-22 Produces Rapid Antidepres- 
sant-Like Effects in the Flinders Sensitive Line Rat Model of Depression. Neuroscience Abstracts Online, Program No. 
142.08. 

[49] Koepsell, H., Lips, K. and Volk, C. (2007) Polyspecific Organic Cation Transporters: Structure, Function, Physiologi- 
cal Roles, and Biopharmaceutical Implications. Pharmaceutical Research, 24, 1227-1251.  
http://dx.doi.org/10.1007/s11095-007-9254-z 

[50] Overstreet, D.H., Hlavka, J., Feighner, J.P., Nikolau, G. and Freed, J.S. (2004) Antidepressant-Like Effects of a Novel 
Pentapeptide, Nemifitide, in an Animal Model of Depression. Psychopharmacology, 175, 303-309.  
http://dx.doi.org/10.1007/s00213-004-1815-9 

[51] Schiller, G.D., Daws, L.C., Overstreet, D.H. and Orbach, J. (1991) Absence of Anxiety in an Animal Model of Depres-
sion with Cholinergic Supersensitivity. Brain Research Bulletin, 26, 433-437.  
http://dx.doi.org/10.1016/0361-9230(91)90019-G 

[52] Benca, R.M., Overstreet, D.H., Gilliland, M.A., Russell, D., Bergmann, B.M. and Obermeyer, W.H. (1996) Increased 
Basal REM Sleep but No Difference in Dark Induction or Light Suppression of REM Sleep in Flinders Rats with Cho- 
linergic Supersensitivity. Neuropsychopharmacology, 15, 45-51. http://dx.doi.org/10.1016/0893-133X(95)00154-6 

[53] Shiromani, P.J., Klemfuss, H., Lucero, S. and Overstreet, D.H. (1991) Circadian Rhythm of Core Body Temperature Is 
Phase-Advanced in a Rodent Model of Depression. Biological Psychiatry, 29, 923-930.  
http://dx.doi.org/10.1016/0006-3223(91)90059-U 

[54] Shiromani, P.J. and Overstreet, D.H. (1994) Free-Running Period of the Circadian Drinking Rhythm Is Shorter in Rats 
with an Upregulated Central Cholinergic System. Biological Psychiatry, 36, 622-626.  
http://dx.doi.org/10.1016/0006-3223(94)90075-2 

[55] Edgar, N. and Mcclung, C.A. (2013) Major Depressive Disorders: A Loss of Circadian Synchronicity? Bioassays, 35, 
940-944. http://dx.doi.org/10.1002/bies.201300086 

[56] Kudlow, P.A., Cha, D.S., Lam, R.W. and Mcintyre, R.S. (2013) Sleep Architecture Variation: A Mediator of Metabolic 
Disturbance in Individuals with Major Depressive Disorder. Sleep Medicine, 14, 943-949.  
http://dx.doi.org/10.1016/j.sleep.2013.04.017 

[57] Friedman, E.M., Irwin, M.R. and Overstreet, D.H. (1996) Natural and Cellular Immune Responses in Flinders Sensi- 
tive and Resistant Line Rats. Neuropsychopharmacology, 15, 314-322.  
http://dx.doi.org/10.1016/0893-133X(95)00235-6 

[58] Friedman, E.M., Becker, K.A., Overstreet, D.H. and Lawrence, D.A. (2002) Reduced Primary Antibody Responses in 
a Genetic Animal Model of Depression. Psychosomatic Medicine, 64, 267-273.  
http://dx.doi.org/10.1097/00006842-200203000-00009 

[59] Wilhelm, C.J., Choi, P., Huckans, M., Manthe, L. and Loftis, J.M. (2013) Adipocytokine Signaling Is Altered in Flind- 
ers Sensitive Line Rats and Adiponectin Correlates in Humans with Depressive Disorders. Pharmacology, Biochemi- 
stry and Behavior, 103, 643-651. http://dx.doi.org/10.1016/j.pbb.2012.11.001 

[60] Loftis, J.M., Huckans, M. and Morasco, B.J. (2010) Neuroimmune Mechanisms of Cytokine-Induced Depression: 
Current Theories and Novel Treatment Strategies. Neurobiology of Disease, 37, 519-533.  
http://dx.doi.org/10.1016/j.nbd.2009.11.015 

[61] Mayfield, J., Ferguson, L. and Harris, R.A. (2013) Neuroimmune Signaling: A Key Component of Alcohol Abuse. 
Current Opinion in Neurobiology, 23, 513-520. http://dx.doi.org/10.1016/j.conb.2013.01.024 

[62] Crews, F.T., Zou, J. and Qin, L.Y. (2011) Induction of Innate Immune Genes in Brain Create the Neurobiology of Ad- 
diction. Brain, Behavior and Immunity, 25, S4-S12. http://dx.doi.org/10.1016/j.bbi.2011.03.003 

[63] Knapp, D.J., Whitman, B.A., Wills, T.A., Angel, R.A., Overstreet, D.H., Criswell, H.E., Ming, Z. and Breese, G.R. 

http://dx.doi.org/10.1016/j.pharmthera.2008.10.004
http://dx.doi.org/10.1021/cn3001872
http://dx.doi.org/10.1523/JNEUROSCI.5687-11.2013
http://dx.doi.org/10.1007/s11095-007-9254-z
http://dx.doi.org/10.1007/s00213-004-1815-9
http://dx.doi.org/10.1016/0361-9230(91)90019-G
http://dx.doi.org/10.1016/0893-133X(95)00154-6
http://dx.doi.org/10.1016/0006-3223(91)90059-U
http://dx.doi.org/10.1016/0006-3223(94)90075-2
http://dx.doi.org/10.1002/bies.201300086
http://dx.doi.org/10.1016/j.sleep.2013.04.017
http://dx.doi.org/10.1016/0893-133X(95)00235-6
http://dx.doi.org/10.1097/00006842-200203000-00009
http://dx.doi.org/10.1016/j.pbb.2012.11.001
http://dx.doi.org/10.1016/j.nbd.2009.11.015
http://dx.doi.org/10.1016/j.conb.2013.01.024
http://dx.doi.org/10.1016/j.bbi.2011.03.003


D. J. Knapp et al. 
 

 
237 

(2011) Cytokine Involvement in Stress May Depend on Corticotrophin Releasing Factor to Sensitize Ethanol With-
drawal Anxiety. Brain, Behavior and Immunity, 25, S146-S154. http://dx.doi.org/10.1016/j.bbi.2011.02.018 

[64] Porterfield, V.M., Gabella, K.M., Simmons, M.A. and Johnson, J.D. (2012) Repeated Stressor Exposure Regionally 
Enhances Beta-Adrenergic Receptor-Mediated Brain IL-1β Production. Brain, Behavior and Immunity, 26, 1249-1255.  
http://dx.doi.org/10.1016/j.bbi.2012.08.001  

[65] Hu, D., Wan, L., Chen, M., Caudle, Y., Lesage, G., Li, Q. and Yin, D. (2014) Essential Role of IL-10/STAT3 in 
Chronic Stress-Induced Immune Suppression. Brain, Behavior and Immunity, 36, 118-127.  
http://dx.doi.org/10.1016/j.bbi.2013.10.016 

[66] Hueston, C.M. and Deak, T. (2014) The Inflamed Axis: The Interaction between Stress, Hormones and the Expression 
of Inflammatory-Related Genes within Key Structures Comprising the Hypothalamic-Pituitary-Adrenal Axis. Physiol- 
ogy and Behavior, 124, 77-91. http://dx.doi.org/10.1016/j.physbeh.2013.10.035 

[67] Pucilowski, O., Overstreet, D.H., Rezvani, A.H. and Janowsky, D.S. (1993) Chronic Mild Stress-Induced Anhedonia: 
Greater Effect in a Genetic Rat Model of Depression. Physiology and Behavior, 54, 1215-1220.  
http://dx.doi.org/10.1016/0031-9384(93)90351-F 

[68] Matthews, K., Baldo, B.A., Markou, A., Lown, O., Overstreet, D.H. and Koob, G.F. (1996) Failure to Observe Differ- 
ences in Rewarding Electrical Brain Stimulation between Flinders Sensitive and Flinders Resistant Rats. Physiology 
and Behavior, 59, 1155-1162. http://dx.doi.org/10.1016/0031-9384(95)02212-0  

[69] Overstreet, D.H., Janowsky, D.S. and Rezvani, A.H. (1990) Impaired Active Avoidance Responding in Rats Selec- 
tively Bred for Increased Cholinergic Function. Physiology and Behavior, 47, 787-788.  
http://dx.doi.org/10.1016/0031-9384(90)90097-N  

[70] Bushnell, P.J., Levin, E.D. and Overstreet, D.H. (1995) Spatial Working and Reference Memory in Rats Bred For Dif- 
ferential Sensitivity to Cholinesterase Inhibition: Acquisition, Accuracy, Speed and Effects of Cholinergic Drugs. 
Neurobiology of Learning and Memory, 63, 116-132. http://dx.doi.org/10.1006/nlme.1995.1012 

[71] Overstreet, D.H., Stemmelin, J. and Griebel, G. (2008) Confirmation of Antidepressant Potential of the Selective β3 
Adrenoceptor Agonist Amibegron in an Animal Model of Depression. Pharmacology, Biochemistry and Behavior, 89, 
623-626. http://dx.doi.org/10.1016/j.pbb.2008.02.020 

[72] Overstreet, D.H. and Griebel, G. (2004) Antidepressant-Like Effects of CRF1 Receptor Antagonist SSR125543 in an 
Animal Model of Depression. European Journal of Pharmacology, 497, 49-53.  
http://dx.doi.org/10.1016/j.ejphar.2004.06.035 

[73] Overstreet, D.H. and Griebel, G. (2005) Antidepressant-Like Effects of the Vasopressin V1b Receptor Antagonist 
SSR149415 in the Flinders Sensitive Line Rat. Pharmacology, Biochemistry and Behavior, 82, 223-227.  
http://dx.doi.org/10.1016/j.pbb.2005.07.021 

[74] Overstreet, D.H., Pucilowski, O., Rettori, M.C., Delagrange, P. and Guardiola-Lemaitre, B. (1998) Anti-Immobility 
Effects of a Melatonin Receptor Agonist, but Not Antagonist, in a Genetic Animal Model of Depression. Neuroreport, 
9, 249-253. http://dx.doi.org/10.1097/00001756-199801260-00014 

[75] Overstreet, D.H., Keeney, A. and Hogg, S. (2004) Antidepressant Effects of Citalopram and CRF Receptor Antagonist 
CP-154,526 in a Rat Model of Depression. European Journal of Pharmacology, 492, 195-201.  
http://dx.doi.org/10.1016/j.ejphar.2004.04.010 

[76] Overstreet, D.H., Fredericks, K., Knapp, D., Breese, G. and Mcmichael, J. (2010) Nerve Growth Factor (NGF) Has 
Novel Antidepressant-Like Properties in Rats. Pharmacology, Biochemistry and Behavior, 94, 553-560.  
http://dx.doi.org/10.1016/j.pbb.2009.11.010 

[77] Overstreet, D.H., Naimoli, V.M. and Griebel, G. (2010) Saredutant, an NK2 Receptor Antagonist, Has both Antide- 
pressant-Like Effects and Synergizes with Desipramine in an Animal Model of Depression. Pharmacology, Biochemi- 
stry and Behavior, 96, 206-210. http://dx.doi.org/10.1016/j.pbb.2010.05.006 

[78] Friedman, E., Berman, M. and Overstreet, D. (2008) Swim Test Immobility in a Genetic Rat Model of Depression Is 
Modified by Maternal Environment: A Cross-Foster Study. Developmental Psychobiology, 48, 169-177.  
http://dx.doi.org/10.1002/dev.20119 

[79] Lavi-Avnon, Y., Yadid, G., Overstreet, D.H. and Weller, A. (2005) Abnormal Patterns of Maternal Behavior in a Ge- 
netic Animal Model of Depression. Physiology and Behavior, 84, 607-615. 

[80] Overstreet, D.H. (2012) Modeling Depression in Animal Models. Methods in Molecular Biology, 829, 125-144.  
http://dx.doi.org/10.1007/978-1-61779-458-2_7 

[81] Martin, J.R., Overstreet, D.H., Driscoll, P. and Battig, K. (1981) Effects of Scopolamine, Pilocarpine and Oxotremo- 
rine on the Exploratory Behavior of Two Psychogenetically Selected Lines of Rats in a Complex Maze. Psychophar- 
macology, 72, 135-142. http://dx.doi.org/10.1007/BF00431646 

[82] Overstreet, D.H., Martin, J.R., Driscoll, P. and Yamamura, H.I. (1981) Brain Muscarinic Cholinergic Receptor Binding 

http://dx.doi.org/10.1016/j.bbi.2011.02.018
http://dx.doi.org/10.1016/j.bbi.2012.08.001
http://dx.doi.org/10.1016/j.bbi.2013.10.016
http://dx.doi.org/10.1016/j.physbeh.2013.10.035
http://dx.doi.org/10.1016/0031-9384(93)90351-F
http://dx.doi.org/10.1016/0031-9384(95)02212-0
http://dx.doi.org/10.1016/0031-9384(90)90097-N
http://dx.doi.org/10.1006/nlme.1995.1012
http://dx.doi.org/10.1016/j.pbb.2008.02.020
http://dx.doi.org/10.1016/j.ejphar.2004.06.035
http://dx.doi.org/10.1016/j.pbb.2005.07.021
http://dx.doi.org/10.1097/00001756-199801260-00014
http://dx.doi.org/10.1016/j.ejphar.2004.04.010
http://dx.doi.org/10.1016/j.pbb.2009.11.010
http://dx.doi.org/10.1016/j.pbb.2010.05.006
http://dx.doi.org/10.1002/dev.20119
http://dx.doi.org/10.1007/978-1-61779-458-2_7
http://dx.doi.org/10.1007/BF00431646


D. J. Knapp et al. 
 

 
238 

in Roman High and Low-Avoidance Strains of Rat. Psychopharmacology, 72, 143-145.  
http://dx.doi.org/10.1007/BF00431647 

[83] Piras, G., Piladu, M.A., Giorgi, O. and Corda, M.G. (2014) Effects of Chronic Antidepressant Treatments in a Putative 
Genetic Model of Vulnerability (Roman Low-Avoidance Rats) and Resistance (Roman High-Avoidance Rat) to 
Stress-Induced Depression. Psychopharmacology, 231, 43-53. http://dx.doi.org/10.1007/s00213-013-3205-7 

[84] Piras, G., Giorgi, O. and Corda, M.G. (2010) Effects of Antidepressants on the Performance in the Forced Swim Test 
of Two Psychogenetically Selected Lines of Rats that Differ in Coping Strategies to Aversive Conditions. Psycho- 
pharmacology, 211, 403-414.  

[85] Braw, Y., Malkesman, O., Dagan, M., Bercovich, A., Lavi-Avnon, Y., Schroeder, M., Overstreet, D.H. and Weller, A. 
(2006) Anxiety-Like Behaviors in Pre-Pubertal Rats of the Flinders Sensitive Line (FSL) and Wistar-Kyoto (WKY) 
Animal Models of Depression. Behavioral Brain Research, 167, 261-269. http://dx.doi.org/10.1016/j.bbr.2005.09.013 

[86] Braw, Y., Malkesman, O., Merelender, A., Bercovich, A., Dagan, M., Overstreet, D.H. and Weller, A. (2008) With- 
drawal Emotional-Regulation in Infant Rats from Genetic Animal Models of Depression. Behavioral Brain Research, 
193, 94-100. http://dx.doi.org/10.1016/j.bbr.2008.04.026 

[87] Malkesman, O., Braw, Y., Zagoory-Sharon, O., Golan, O., Lavi-Avnon, Y., Schroeder, M., Overstreet, D.H., Yadid, G. 
and Weller, A. (2005) Reward and Anxiety in Genetic Animal Models of Childhood Depression. Behavioral Brain 
Research, 164, 1-10. http://dx.doi.org/10.1016/j.bbr.2005.04.023 

[88] Malkesman, O., Braw, Y., Maayan, R., Weizman, A., Overstreet, D.H., Shabat-Simon, M., Kesner, Y., Touati-Werner, 
D., Yadid, G. and Weller, A. (2006) Two Different Putative Genetic Animal Models of Childhood Depression. Biolo- 
gical Psychiatry, 59, 17-23. http://dx.doi.org/10.1016/j.biopsych.2005.05.039 

[89] Popa, D., El Yacoubi, M., Vaugeois, J.M., Hamon, M. and Adrien, J. (2006) Homeostatic Regulation of Sleep in a Ge- 
netic Model of Depression in the Mouse: Effects of Muscarinic and 5-HT1A Receptor Activation. Neuropsychophar- 
macology, 31, 1637-1646. http://dx.doi.org/10.1038/sj.npp.1300948 

[90] El Yacoubi, M., Rappeau, V., Champion, E., Mallert, G. and Vaugeois, J.M. (2013) The H/Rouen Mouse Model Dis- 
plays Depression-Like and Anxiety-Like Behaviors. Behavioral Brain Research, 256, 43-50.  
http://dx.doi.org/10.1016/j.bbr.2013.07.048 

[91] Overstreet, D.H., Rezvani, A.H., Knapp, D.J., Crews, F.T. and Janowsky, D.S. (1996) Further Selection of Rat Lines 
Differing in 5-HT-1A Receptor Sensitivity: Behavioral and Functional Correlates. Psychiatric Genetics, 6, 107-117.  
http://dx.doi.org/10.1097/00041444-199623000-00002 

[92] Knapp, D.J., Overstreet, D.H. and Crews, F.T. (1998) Brain 5-HT1A Receptor Autoradiography and Hypothermic Res- 
ponses in Rats Bred for Differences in 8-OH-DPAT Sensitivity. Brain Research, 782, 1-10.  
http://dx.doi.org/10.1016/S0006-8993(97)01127-X 

[93] Knapp, D.J., Sim-Selley, L.J., Breese, G.R. and Overstreet, D.H. (2001) Selective Breeding of 5-HT1A Receptor-Me- 
diated Responses: Application to Emotion and Receptor Action. Pharmacology, Biochemistry and Behavior, 67, 701- 
708. http://dx.doi.org/10.1016/S0091-3057(00)00415-9 

[94] Gonzalez, L.E., Parada, M.A., Tucci, S., Teneud, L., Overstreet, D.H. and Hernandez, L. (2003) A Brain Microdialysis 
Study on 5-HT Release in Freely Moving Rat Lines Selectively Bred for Differential 5-HT1A Receptor Function. Bra- 
zilian Journal of Medical and Biological Research, 36, 263-267.  
http://dx.doi.org/10.1590/S0100-879X2003000200014 

[95] Gonzalez, L.E., File, S.E. and Overstreet, D.H. (1998) Selectively Bred Lines of Rat Differ in Social Interaction and 
Hippocampal 5-HT1A Receptor Function: A Link between Anxiety and Depression? Pharmacology, Biochemistry and 
Behavior, 59, 787-792.  

[96] File, S.E., Quagazzal, A.M., Gonzalez, L.E. and Overstreet, D.H. (1999) Chronic Fluoxetine in Tests of Anxiety in Rat 
Lines Selectively Bred for Differential 5-HT1A Receptor Function. Pharmacology Biochemistry and Behavior, 62, 695- 
701. http://dx.doi.org/10.1016/S0091-3057(98)00208-1 

[97] Mcqueen, D.A., Overstreet, D.H., Ardayfio, P.A. and Commissaris, R.L. (2001) Acoustic Startle, Conditioned Startle 
Potentiation and the Effects of 8-OH-DPAT and Buspirone in Rats Selectively Bred for Differences in 8-OH-DPAT- 
Induced Hypothermia. Behavioural Pharmacology, 12, 509-516.  
http://dx.doi.org/10.1097/00008877-200111000-00012 

[98] Commissaris, R.L., Ardayfio, P.A., Mcqueen, R.A., Gilchrist III, G.A. and Overstreet, D.H. (2000) Conflict Behavior 
and the Effects of 8-OH-DPAT Treatment in Rats Selectively Bred for Differential 5-HT1A-Induced Hypothermia. 
Pharmacology, Biochemistry and Behavior, 67, 199-205. http://dx.doi.org/10.1016/S0091-3057(00)00314-2 

[99] Cousins, M.C., Vosmer, G., Overstreet, D.H. and Seiden, L.S. (2000) Rats Selectively Bred for Differences in 5-HT1A 
Receptor Stimulation: Differences in Differential Reinforcement of Low Rate 72-Second Performance and Response to 
Serotonergic Drugs. Journal of Pharmacology and Experimental Therapy, 292, 104-113.  

http://dx.doi.org/10.1007/BF00431647
http://dx.doi.org/10.1007/s00213-013-3205-7
http://dx.doi.org/10.1016/j.bbr.2005.09.013
http://dx.doi.org/10.1016/j.bbr.2008.04.026
http://dx.doi.org/10.1016/j.bbr.2005.04.023
http://dx.doi.org/10.1016/j.biopsych.2005.05.039
http://dx.doi.org/10.1038/sj.npp.1300948
http://dx.doi.org/10.1016/j.bbr.2013.07.048
http://dx.doi.org/10.1097/00041444-199623000-00002
http://dx.doi.org/10.1016/S0006-8993(97)01127-X
http://dx.doi.org/10.1016/S0091-3057(00)00415-9
http://dx.doi.org/10.1590/S0100-879X2003000200014
http://dx.doi.org/10.1016/S0091-3057(98)00208-1
http://dx.doi.org/10.1097/00008877-200111000-00012
http://dx.doi.org/10.1016/S0091-3057(00)00314-2


D. J. Knapp et al. 
 

 
239 

[100] Nishi, K., Kanemara, K. and Diksic, M. (2009) A Genetic Rat Model of Depression, the Flinders Sensitive Line, Has a 
Lower Density of 5-HT(1A) Receptors but a Higher Density of 5-HT(1B) Receptors Compared to Control Rats. Neu- 
rochemistry International, 54, 299-307. http://dx.doi.org/10.1016/j.neuint.2008.12.011 

[101] Shretha, S.S., Pine, D.S., Luckenbaugh, D.A., Varnäs, K., Henter, I.D., Innis, D.B., Mathe, A.A. and Sveningsson, P. 
(2014) Antidepressant Effects on Serotonin 1A/1B Receptors in the Rat Brain Using a Gene X Environment Model. 
Neuroscience Letters, 559, 153-158.  

[102] Blaveri, E., Kelly, F., Mallei, A., Harris, K., Reid, S., Rassoli, M., Carboni, C., Piubelli, E., Musazzi, L., Racagni, G., 
Mathe, A., Popoli, M., Domenici, E. and Bates, S. (2010) Expression Profiling of a Genetic Animal Model for Depres- 
sion Reveals Novel Molecular Pathways Underlying Depressive-Like Behaviors. PLoS ONE, 7, Article ID: e12596.  
http://dx.doi.org/10.1371/journal.pone.0012596 

[103] Gibbons, A.S., Scarr, E., Mclean, C., Sundram, S. and Dean, B. (2009) Decreased Muscarinic Receptor Binding in the 
Frontal Cortex of Bipolar Disorder and Major Depressive Disorder Subjects. Journal of Affective Disorders, 116, 184- 
191. http://dx.doi.org/10.1016/j.jad.2008.11.015 

[104] Drevets, W.C., Zarate Jr., C.A. and Furey, M.I. (2013) Antidepressant Effects of the Muscarinic Cholinergic Receptor 
Antagonist Scopolamine: A Review. Biological Psychiatry, 73, 1156-1163.  
http://dx.doi.org/10.1016/j.biopsych.2012.09.031 

[105] Navines, R., Gomez-Gil, E., Martin-Santos, R., De Osaba, M.J., Escolar, G. and Gasto, C. (2007) Hormonal Response 
to Buspirone Is Not Altered in Major Depression. Human Psychopharmacology, 22, 389-395.  
http://dx.doi.org/10.1002/hup.862 

[106] Meltzer, H.Y. and Maes, M. (1994) Effects of Buspirone on Plasma Prolactin and Cortisol Levels in Major Depressed 
and Normal Subjects. Biological Psychiatry, 35, 316-323. http://dx.doi.org/10.1016/0006-3223(94)90035-3 

[107] Savitz, J., Lucki, I. and Drevets, W.C. (2009) 5-HT1A Receptor Function in Major Depressive Disorder. Progress in 
Neurobiology, 88, 17-31. http://dx.doi.org/10.1016/j.pneurobio.2009.01.009 

[108] Hesselgrave, N. and Parsey, R.V. (2013) Imaging the Serotonin 1A Receptor Using [11C]WAY100635 in Healthy 
Controls and Major Depression. Philosophical Transactions of the Royal Society of London Biological Sciences, 368, 
Article ID: 20120004.  

[109] Fagergren, P., Overstreet, D.H., Goiny, M. and Hurd, Y.L. (2005) Blunted Response to Cocaine in the Flinders Hyper- 
cholinergic Animal Model of Depression. Neuroscience, 132, 1159-1171.  
http://dx.doi.org/10.1016/j.neuroscience.2005.01.043 

[110] Diaz-Moran, S., Estanislau, D. and Canete, T. (2014) Relationship of Open-Field with Anxiety in the Elevated Zero- 
Maze Test: Focus on Freezing and Grooming. World Journal of Neuroscience, 4, 1-11.  
http://dx.doi.org/10.4236/wjns.2014.41001 

[111] Diaz-Moran, S., Mont-Cardona, C., Canete, T., Blazquez, G., Martinez-Membrives, E., Lopez-Aumatell, R., Tobena, A. 
and Fernandez-Teruel, A. (2012) Coping Style and Stress Hormone Responses in Genetically Heterogeneous Rats: 
Comparison with the Roman Rat Strains. Behavioral Brain Research, 228, 203-210.  
http://dx.doi.org/10.1016/j.bbr.2011.12.002 

[112] Palencia, M., Diaz-Moran, S., Mont-Carbona, C., Canete, T., Blazquez, G., Martinez-Membrives, E., Lopez-Aumatell, 
R., Tobena, A. and Fernandez-Teruel, A. (2013) Helpless-Like Escape Deficits of NIH-HS Rats Predict Passive Beha- 
vior in the Forced Swimming Test: Relevance for the Concurrent Validity of Rat Models of Depression. World Journal 
of Neuroscience, 3, 83-92. http://dx.doi.org/10.4236/wjns.2013.32012 

[113] Vicens-Costa, E., Martinez-Membrives, E., Lopez-Aumatell, R., Gustar-Masip, M., Canete, T., Blazquez, G., Tobena, 
A. and Fernandez-Teruel, A. (2011) Two-Way Avoidance Acquisition Is Negatively Related to Conditioned-Freezing 
and Positively Associated with Startle Reactions: A Dissection of Anxiety and Fear in Genetically Heterogeneous Rats. 
Physiology and Behavior, 103, 148-156. http://dx.doi.org/10.1016/j.physbeh.2010.12.009 

[114] Overstreet, D.H., Halikas, J.A., Seredenin, S.B., Kampov-Polevoy, A.B., Viglinskaya, I.V., Kashevskaya, O., Badish- 
tov, B.A., Knapp, D.J., Mormede, P., Kiianmaa, K., Li, T.K. and Rezvani, A.H. (1997) Behavioral Similarities and 
Differences among Alcohol-Preferring and -Nonpreferring Rat Strains: Confirmation by Factor Analysis and Extension 
to Additional Strains. Alcoholism, Clinical and Experimental Research, 21, 840-848.  

[115] Williams, S.C. and Deisseroth, K. (2013) Optogenetics. Proceedings of the National Academy of Sciences of the United 
States of America, 110, 16287. http://dx.doi.org/10.1073/pnas.1317033110 

[116] Lee, H.M., Giguere, P.M. and Roth, B.L. (2014) DREADDs: Novel Tools for Drug Discovery and Development. Drug 
Discovery Today, 19, 469-473. http://dx.doi.org/10.1016/j.drudis.2013.10.018 

http://dx.doi.org/10.1016/j.neuint.2008.12.011
http://dx.doi.org/10.1371/journal.pone.0012596
http://dx.doi.org/10.1016/j.jad.2008.11.015
http://dx.doi.org/10.1016/j.biopsych.2012.09.031
http://dx.doi.org/10.1002/hup.862
http://dx.doi.org/10.1016/0006-3223(94)90035-3
http://dx.doi.org/10.1016/j.pneurobio.2009.01.009
http://dx.doi.org/10.1016/j.neuroscience.2005.01.043
http://dx.doi.org/10.4236/wjns.2014.41001
http://dx.doi.org/10.1016/j.bbr.2011.12.002
http://dx.doi.org/10.4236/wjns.2013.32012
http://dx.doi.org/10.1016/j.physbeh.2010.12.009
http://dx.doi.org/10.1073/pnas.1317033110
http://dx.doi.org/10.1016/j.drudis.2013.10.018

	Behavioral Characteristics of Pharmacologically Selected Lines of Rats: Relevance to Depression
	Abstract
	Keywords
	1. Introduction
	2. FSL and FRL Lines
	2.1. Initial Selection
	2.2. Cholinergic Changes in Selected Lines
	2.3. Changes in other Neurotransmitter Systems
	2.4. Behavioral Characteristics

	3. HDS and LDS Lines
	3.1. Initial Selection
	3.2. Serotonergic Effects
	3.3. Other Neurotransmitter Systems
	3.4. Behavioral Characteristics

	4. Discussion
	Acknowledgements
	References

