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Abstract
Recent clinical studies indicate neurobehavioral disturbances in type-2 diabetics. However, there
is paucity of preclinical research to support this concept. The validity of db/db mouse as an animal
model to study type-2 diabetes and related complications is known. The present study was
designed to investigate comprehensively the db/db mouse behavior as preclinical evidence of
type-2 diabetes related major neurobehavioral complications. We tested juvenile (5–6 weeks) and
adult (10–11 weeks) db/db mice for behavioral depression in forced swim test (FST), psychosis-
like symptoms using pre-pulse inhibition (PPI) test, anxiety behavior employing elevated plus
maze (EPM) test, locomotor behavior and thigmotaxis using open field test and working memory
deficits in Y-maze test. Both juvenile and adult group db/db mice displayed behavioral despair
with increased immobility time in FST. There was an age-dependent progression of psychosis-like
symptoms with disrupted PPI in adult db/db mice. In the EPM test, db/db mice were less anxious
as observed by increased percent open arms time and entries. They were also hypolocomotive as
evident by a decrease in their basic and fine movements. There was no impairment of working
memory in the Y-maze test in db/db mice. This is the first report of depression, psychosis-like
symptoms and anxiolytic behavior of db/db mouse strain. It is tempting to speculate that this
mouse strain can serve as useful preclinical model to study type-2 diabetes related neurobehavioral
complications.
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1. Introduction
Comorbid neurobehavioral disturbances in the type-2 diabetic population are emerging
problems that warrant immediate research attention. The major concerns of comorbid
neurobehavioral deficits in the diabetic population are a dramatic rise in mortality rate and
substantial impact on the medical cost to the patient. Although comorbidity of
neurobehavioral disturbances and type-2 diabetes in clinical practice is evident, it has not
been studied comprehensively in preclinical setting. Significant research emphasis is given
to the macrovascular and microvascular complications of diabetes [1–5]. Recent data also
advocate the central nervous system (CNS) as a crucial target for diabetic complications [6].
For instance, the probability of major depression in diabetic patients is approximately double
that of those without diabetes [7]. Further, among diabetic patients, those with comorbid
depression are at greater risk of mortality and have twice the probability of cardiovascular
risk factors like smoking, obesity and sedentary lifestyle [8]. To date, the majority of
preclinical investigations studying interrelationships between diabetes and the CNS focused
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in principal on type-1 diabetes [9]. There are a few clinical reports that showed an
association between diabetes and CNS complications that are most prominent in elderly
type-2 diabetic patients [10]. There is a need to study CNS complications in type-2 diabetes
animal models.

The diabetic mouse strain db/db harbors an autosomal recessive point mutation in gene
encoding for the long isoform (LRb) of leptin receptor [11,12]. It was first witnessed by
Hummel and colleagues in C57BL/KsJ strain at Jackson Laboratory [13]. Phenotypes of db/
db mice mimics clinical type-2 diabetic conditions such as obesity, hyperglycemia,
hyperinsulinemia, hyperphagia, polydypsia, polyurea, impotency, pancreatic β-cell
hyperplasia and hypertrophy [14]. At early ages, they serve as a good model of type-2
diabetes, characterized by hyperinsulinemia, obesity and progressive hyperglycemia [15].
Hyperinsulinemia occurs as early as ten days of age, peaks at 3 months of age and then
gradually declines to near normal values in the mature adult [15]. Blood glucose levels are
slightly elevated by 6 weeks and reaches values of ~315 mg/dL, followed by ~550 mg/dL by
8 weeks [4] and as high as 600 mg/dL by 16 weeks of age [16]. Hitherto, this mouse strain is
extensively used as a murine model for evaluating mechanisms of diabetes and to study the
cardiovascular, renal and ocular complications of diabetes [17–19]. However, there is a
paucity of research evidence that characterized this mouse strain for its neurobehavioral
deficits [20–28]. Li and colleagues reported impaired spatial memory function and
impairment of long-term potentiation (LTP) of memory in db/db mice using Morris water
maze test [22]. A conditioned taste aversion (CTA) learning test in the same strain by Ohta
and co-workers suggested no impairment in acquisition but extinction of CTA learned
behavior compared to age-matched lean littermates [23]. Moreover, changes in the sleep-
wake regulation pattern, locomotor activity [21], nociception [26], feeding behavior and
body temperature regulation [20,25] are reported in the db/db mouse strain.

Interestingly, there is widespread distribution of long isoform of leptin receptors (LRb) in
key brain regions [29]. Some of these regions, e.g. hypothalamic arcuate nucleus,
paraventricular hypothalamic nucleus, dorsomedial hypothalamic nucleus and brainstem
nucleus of the solitary tract modulate satiety. On the other hand, the mesolimbic dopamine
system's ventral tegmental area and substantia nigra with projections to striatum and
amygdala also express leptin receptors [30].While the nigrostiratal system is involved in
locomotor activity, the amygdala is believed to be involved in threat identification and
assignment of emotional value to new neutral stimuli. Brain regions modulating depressive
symptoms e.g. serotonergic raphe nuclei [31] and anxiety behavior, e.g. amygdala were
reported to express leptin receptors [32]. In addition, the hippocampus, an anatomical site
that governs cognitive functions and spatial learning, express LRb receptor isoform. Regions
of the cerebral cortex that are involved in regulation of mood and emotions showed presence
of leptin receptors. Several other regions with less understood LRb function also express this
particular receptor isoform [33]. Pharmacological and pathological manipulation of
endogenous plasma and brain leptin concentration is reported in many neuropsychiatric
disorders and after treatment with several drug classes that can affect brain functions [34–
37]. Lower brain weights, reduced cortical volume and decrease in total glial and neuronal
protein expressions were reported in leptin deficient ob/ob mice and similar effects on
protein content and brain weights were observed in db/db mice [38]. Recently, Stranahan
and colleagues reported diabetes-induced detrimental effects on hippocampal neuronal
dendrite morphology and their recovery post-calorie restriction as well as after increased
energy expenditure in db/db mice [28]. Interestingly, leptin can also alter neuronal dendrite
morphology [39]. Increase in the concentration of gray matter in the anterior cingulate gyrus
was reported in genetically leptin-deficient patients when subjected to leptin treatment [40].
Neonatal and maternal leptin treatments are reported to prevent the appearance of adverse
metabolic phenotypes [41]. Intrigued with these reports, the present study evaluated db/db
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mouse strain for presence of neurobehavioral deficits employing paradigms for behavioral
depression, psychosis-like symptoms, anxiety, alterations in motor behavior, thigmotaxis
and impairments in working memory.

2. Materials and methods
Male db/db mice (4 week old) with background strain C57BL/KsJ (BKS-Cg-Dock7m +/+
Leprdb/J) and their age-matched non-diabetic lean control mice were purchased from
Jackson Laboratories, Bar Harbor, ME, USA. All the mice were singly housed in plastic
cages with wooden shavings in a temperature controlled room (22–23 °C) with 12:12 h
light : dark cycle (lights off from 1700). Principles of laboratory animal care followed and
all experimental protocols were approved by the Wright State University Animal Care and
Use Committee.

2.1. Metabolic parameters
Standard pellet diet and tap water were provided ad libitum. To assess the metabolic status
as an index of progression of diabetes, body weights, food consumption and water intake of
juvenile (5–6 weeks) and adult (10–11 weeks) db/db and lean control mice were monitored
weekly. Blood glucose (fed), plasma insulin and plasma glucose concentrations and body fat
composition were also measured to verify development of diabetes in db/db mice.

2.1.1. Whole-body fat and lean mass measurements—The EchoMRI whole body
composition analyzer (Houston, TX, USA) was used to determine fat and lean body mass of
lean control and db/db mice [42]. The EchoMRI is a QNMR instrument that offers most
precise and rapid measurement (1–2 min) of whole-body composition parameters like total
body fat, lean mass, body fluids and total body water in live mice without sedation and
anesthesia. Briefly, EchoMRI instrument was calibrated followed by live mouse placement
into a plastic cylinder (inside diameter: 4.7 cm; thickness: 0.15 cm). A plastic plunger was
used to restrain mouse movements except to turn back and about 4 cm vertical movements.
Post completion of measurement (1–2 min), the mice were returned to their respective home
cages. Fat and lean mass were calculated as percent of total mass.

2.1.2. Blood glucose, plasma insulin and plasma glucose measurements—For
blood glucose measurements, blood samples were taken from a cut made on the tip of the
tail and glucose was determined using an Accu-Check Advantage Blood Glucose Monitor
(Roche Diagnostic Corporation, Indianapolis, IN) [Lean control (n = 18–20), db/db (n = 12–
13)] to confirm development of diabetes in db/db mice compared to lean controls. Plasma
glucose as well as insulin concentrations were also measured in 10 week old db/db mice and
their age-matched lean controls that were not fasted. Mice were decapitated, and trunk blood
was collected in ice-chilled heparinized tubes. Plasma was immediately separated and stored
at −80 °C. The plasma samples were analyzed at Mouse Metabolic Phenotyping Center
(Cincinnati, OH) for insulin and glucose according to the manufacturer's specifications
(Millipore, St. Charles, MO).

2.2. Behavioral tests
After 1 week acclimatization, mice were subjected to behavioral testing. At two different
age points (juvenile: 5–6 weeks and adult: 10–11 weeks) separate groups of mice (db/db, n =
7–10; lean controls, n = 8–10) were subjected to 1) forced swim test, 2) pre-pulse inhibition
test, 3) elevated plus maze test, 4) open field test and 5) Y-maze test. All the tests were
conducted between the hours of 0900–1400 to minimize circadian influences on mouse
behavior.
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2.2.1. Forced swim test—As described previously [43] mice were placed in transparent
glass cylinders (diameter, 10 cm; height, 25 cm) filled up to 10 cm with water (23–25 °C)
for 6 min test and scored for duration of immobility [lean control, n = 8 (juvenile) and 10
(adult); db/db, n = 8 (juvenile) and 7 (adult)]. A mouse was considered as immobile when
floating motionless or making only those movements necessary to keep its head above the
water. The db/db and lean control mice were tested simultaneously in separate cylinders
with opaque white plexiglass sheet placed between them so that mice cannot see each other.
During test sessions, mice were video recorded to score immobility time. After the swim
test, mice were dried with a towel and returned to the home cage placed on a thermal blanket
heated to 37 °C.

2.2.2. Pre-pulse inhibition test—As shown in our previous report [44], mice were
tested in automated startle chambers (SM100 Startle Monitor System Version 6.12;
Hamilton Kinder, Poway, CA) for pre-pulse inhibition (PPI) [lean control, n = 10 (juvenile
and adult); db/db, n = 10 (juvenile) and 7 (adult)]. There were five types of white noise burst
stimulus trials: pre-pulse (70 dB), pulse (85 dB and 100 dB) and pre-pulse prior to pulse (70
dB + 85 dB and 70 dB + 100 dB) with background noise (60 dB). Each trial type was
presented 10 times. Stimuli were presented in random order to avoid order effects and
habituation. The inter-trial intervals were varied from 9 to 16 s. Mice were in holders
restricting rearing behavior and placed on pressure-sensor plates transforming movements of
the body (jerks) into an analog signal through an interface.

2.2.3. Elevated plus maze test—This is a behavioral paradigm that takes advantage of
the conflict behavior of rodents between exploration of a novel area and aversion to open
and elevated spaces [45,46]. The maze is made up of opaque black Plexiglas with opposite
facing two open (14 × 2 inches) and two enclosed arms (14 × 2 × 6 inches) connected by a
central platform (2 × 2 inches). The whole maze is raised 30 inches above the floor. Mice
were tested on the plus maze in a room with low, indirect incandescent red lighting and very
low noise levels. On the day of testing, the mouse was placed at the center of the maze with
head facing an open arm and allowed to explore for 5 min [lean control, n = 8 (juvenile) and
10 (adult); db/db, n = 7 (juvenile and adult)]. The number of entries, time spent and distance
traveled in each arm were recorded with the help of automated elevated plus maze system
(EPM) (Hamilton Kinder, Version 3.11; Poway, CA). The software was configured to
register entry when all four paws of the animal were placed on the arm. The maze was
wiped clean with 70% ethanol solution and dried after testing each mouse. Increase in time
spent and frequency of open arms entries relative to control mice were considered as
indicators of anxiolytic behavior.

2.2.4. Open field test—An automated open field system with microprocessor and
infrared photo-beams (Hamilton Kinder, Motor Monitor Version 3.11; Poway, CA) was
used to evaluate locomotor and thigmotactic behavior of mice [44]. The open field consisted
of 16 × 16 in (40.6 × 40.6 cm) plexiglass square. For analysis, the chamber was divided into
central (8 × 8 in) and peripheral (4 in wide) zones. Each mouse was placed in the center of
the open field arena and allowed to explore it for 10 min [lean control, n = 10 (juvenile and
adult); db/db, n = 10 (juvenile) and 7 (adult)]. During 10 min test session, the variables of
locomotor activity, basic movements (quantified by IR beam interruptions due to larger
mouse body movements in the open field), fine movements (defined by IR beam
interruptions due to fine movements such as head-twitching, grooming etc) and percent time
spent in periphery and central zones were recorded using Motor Monitor software. Open
field arena was cleaned with 70% ethanol solution and let dry after testing each mouse.
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2.2.5. Y-maze test—The Y-maze measures mouse's functional working memory status
and exploit the innate tendency to explore novel areas [47]. The apparatus for Y-maze test
was made of 3 acrylic plastic arms (arm dimensions: 3.5 cm × 20 cm) at 120 degrees to each
other. During test, individual mice were placed on the intersection of 3 arms of the maze and
were video recorded for 8 min to score for number and sequence of arm entries [lean
control, n = 10 (juvenile and adult); db/db, n = 7 (juvenile and adult)]. An arm entry was
registered when all four paws of mouse were within any of 3 arms. Entries into 3 different
arms in succession (e.g. ABC or BCA or CBA or CAB etc) were defined as alternations.
Percent Y-maze scores were calculated using the formula:

2.3. Data analysis
The results are presented as group means ± S.E.M. and analyzed using Graphpad Prism 5
software. Data were analyzed by 2-way ANOVA test. The two variables for 2-way ANOVA
test were ‘strain’ (db/db versus lean control) and ‘age’ of mice (juvenile versus adult).
Bonferroni test was used for post-hoc comparisons. Unpaired Student t-test was used to
analyze differences in body weight, food intake, water intake, % fat mass, % lean mass, %
body water, blood glucose and plasma insulin concentrations. Value of p≤0.05 was
considered significant.

3. Results
3.1. Metabolic parameters

As shown in Table 1, the blood glucose concentrations of db/db mice were significantly
higher compared to age-matched lean controls (p<0.05, unpaired t-test). There was an age-
dependent increase in the blood glucose concentration of db/db mice (juvenile: 230.38 ±
13.25 mg/dL versus adult: 583.20 ± 35.86 mg/dL). However, blood glucose concentrations
of lean control mice remained fairly constant (p>0.05). Food intake, water intake, plasma
insulin and % fat mass of db/db mice were significantly increased compared to age-matched
lean controls (p<0.05, unpaired t-test). However, percent lean mass and percent body water
of db/db mice were significantly low compared to age-matched lean controls (p<0.05,
unpaired t-test).

3.2. Behavioral tests
3.2.1. Depression-like behavior of db/db mice—As shown in Fig. 1, juvenile as well
as adult db/db mice were immobile for significantly more time than age-matched lean
controls in the 6 min forced swim test [factor ‘strain’ F (1, 32) = 83.22, p<0.001]. There was
no age-dependent significant change in duration of immobility in lean control as well as db/
db mice (p>0.05).

3.2.2. Psychosis-like behavior of db/db mice (PPI)—Normal PPI was observed in
juvenile db/db mice at both intensities of startle stimuli (Fig. 2; p>0.05). However, percent
PPI in adult db/db mice was significantly lowered with respect to age-matched lean controls
with (70 dB + 85 dB) [factor ‘strain’ F (1, 36) = 9.705, p<0.001] and (70 dB + 100 dB)
stimuli [factor ‘strain’ F (1, 36) = 8.575, p<0.05]. Further, there was an age-dependent
decrease in PPI response of db/db mice with (70 dB + 85 dB) startle stimuli [factor ‘age’ F
(1, 36) = 3.474, p<0.05] but not with (70 dB + 100 dB) stimuli (p>0.05). 3 out of 10 juvenile
db/db mice also showed disruption of PPI for 70 dB + 100 dB (pre-pulse + pulse) startle
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stimuli, however, no change in PPI response of remaining 7 juvenile db/db mice of the group
nullified this difference when compared with age-matched lean control group.

3.2.3. Anxiolytic behavior of db/db mice (EPM)—In the elevated plus maze test, there
was a significant increase in percent time spent in open arms (Fig. 3a) [factor ‘strain’ F (1,
31) = 7.785, p<0.05, factor ‘age’ F (1, 31) = 16.73, p<0.05)] and percent entries into open
arms (Fig. 3b) [factor ‘strain’ F (1, 31) = 4.337, p<0.05, factor ‘age’ F (1, 31) = 6.066,
p<0.05)] in juvenile and adult db/db mice as compared to age-matched lean controls.
Moreover, db/db mice traveled about equivalent distances on open arms compared to age-
matched lean controls (Fig. 3c) (p>0.05).

3.2.4. Hypo-locomotive and thigmotaxis behavior of db/db mice—Both juvenile
and adult db/db mice had significantly less activity counts for (a) basic movements and (b)
fine movements compared to their age-matched lean controls in the open field test (Fig. 4a
and b). Both strains also underwent a decrease in these measures over time. 2-way ANOVA
showed a significant effect on basic movements [factor ‘strain’ F (1, 35) = 74.17, p<0.001;
factor ‘age’ F (1, 35) = 52.94, p<0.001] and fine movements [factor ‘strain’ F (1, 35) =
17.94, p<0.05; factor ‘age’ F (1, 35) = 4.497, p<0.01] of db/db mice compared to age-
matched lean controls. During the 10 min test session, db/db and age-matched lean control
mice spent significantly more time in the peripheral than the central zone indicative of
thigmotaxis (p<0.05). However, there was no difference in percent time spent in periphery
between db/db mice and age-matched lean controls (p>0.05) (Fig. 4c).

3.2.5. Working memory test in db/db mice—Percent Y-maze scores of juvenile as
well as adult db/db mice were not statistically different from age-matched control littermates
(p>0.05; Fig. 5). There was a significant decrease in total number of Y-maze arms entries
[factor ‘strain’ F (1, 33) = 12.91, p<0.01] and alternation score due to decreased activity
[factor ‘strain’ F (1, 33) = 7.469, p<0.05] of adult db/db mice compared to age-matched
control mice that led to no change in their percent Y-maze scores (p>0.05).

4. Discussion
The present study is the first report of behavioral depression, age-related advancement of
psychosis-like symptoms and anxiolytic behavior in db/db mice. We also observed
locomotor deficits in this mouse strain but there were no changes in working memory
performance of db/db mice compared to lean controls. The neuropsychological
consequences of diabetes are studied with reasonable detail in the clinical setting. However,
there is still a scarcity of preclinical research supporting correlations between type-2
diabetes and such consequences. The current study attempted to provide experimental
evidence for interrelationship between type-2 diabetes and neuropsychological deficits using
db/db mice.

Depression is the major co-occurring psychological disorder with diabetes [48]. We
evaluated juvenile and adult db/db mice for behavioral depression using the forced swim test
(Fig. 1). Both age-groups of db/db mice showed significant increases in the duration of
immobility compared to age-matched lean control mice suggesting the occurrence of
depression-like symptoms in db/db mice. While the obesity of the adults may have impaired
swimming ability, the swimming deficits in non-obese juveniles suggest that central nervous
system mechanisms related to depression are the cause. Additionally, poor thermoregulation
in db/db mice can also confound immobility duration in FST. However, Trayhurn had
reported similar diurnal rhythm in body temperature of db/db mice to control mice at 23 °C
[49]. We used similar temperature range (23–25 °C) for FST. In contrast to rats that
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generally require two-trial FST, one-trial is adequate to produce consistent immobility
scores using mice in FST [50–52].

The probability of depression in diabetic patients is approximately double in comparison to
those without diabetes [7]. Behavioral despair in diabetic patients can lead to apathy towards
self-care regimens such as regular physical exercise, dietary habits, cessation of smoking
and towards medication for diabetes [48]. Diabetic patients with comorbid depression are
reported to have double the probability of cardiac risk factors like smoking, obesity,
sedentary lifestyle etc [8]. Recently Hirano and colleagues reported a decrease in circulating
plasma leptin concentrations and depression-like symptoms in streptozotocin-induced
diabetic mice [53]. Interestingly, treatment of these diabetic mice with leptin reversed the
depression-like behavior in the tail suspension test (TST), a model for depression. In view of
the mutation in leptin receptors (LRb) in db/db mice and an antidepressant-like effect of
leptin in a mouse model for diabetes, behavioral depression observed in db/db mice may be
the outcome of impaired leptin signaling. Leptin treatment restores preference for sucrose
consumption in rodents subjected to chronic stress and reduced preference for sucrose is
analogous to anhedonia, a hallmark feature of depression [37,54]. Further, systemic leptin
treatment is reported to lower immobility in FST and TST in rodents, an indicator of
antidepressant-like effect of leptin that was devoid of stimulation of motor behavior. Thus,
leptin can serve as a potential neurobiological substrate for the treatment of depression [37].
Several research groups reported expression of leptin receptors in serotonergic raphe nuclei
[31] and dopaminergic ventral tegmental area and substantia nigra [30]. Collin and co-
workers reported a fall in serotonin transporter mRNA expression in raphe nuclei of
functional leptin deficient ob/ob mice [55]. Leptin increases production of serotonin and its
biotransformation product, 5-HIAA in the forebrain [56]. Thus, it is plausible that leptin
may interact with monoaminergic neurons involved in the pathophysiology of depression
and related disorders by modulating their firing pattern and downstream signaling
mechanisms in a manner that may lead to depression in humans and to the behavioral
deficits in db/db mice.

We used PPI of startle to evaluate age-dependent progression of psychosis-like symptoms in
db/db mice (Fig. 2). While juvenile db/db mice did not differ from age-matched lean
controls in terms of percent PPI scores when subjected to a series of randomly presented
pre-pulse plus pulse (70 dB + 85 dB and 70 dB + 100 dB) startle stimuli trials, adult db/db
mice experienced significant disruption of PPI behavior with respect to age-matched lean
controls. Such disruption of PPI behavior in adult but not in juvenile db/db mice signifies
age-dependent progression of psychosis-like behavior in this murine model for type-2
diabetes. Three out of 10 juvenile db/db mice also showed psychosis-like behavior, which
may indicate that this is the age at which abnormalities begin to develop. PPI behavior is a
natural hardwired trait of the normal, non-psychotic subjects. Disruption of PPI is the
hallmark symptom to confirm psychosis-like symptoms and it is rare to ever have a
disruption in a normal animal.

Comorbid type-2 diabetes is reported to impair physical as well as mental health status of
adult schizophrenic patients compared to non-diabetic schizophrenics [57]. Emergence of
new-onset diabetes was reported in schizophrenic patients on initiation of atypical
antipsychotic medications [58–60]. Hyperglycemia and insulin resistance was also reported
in mice that were on chronic antipsychotic treatment [61]. Current clinically proven
medications for psychosis may not prove a good strategy to treat co-occurring psychotic
symptoms in diabetic population that may further complicate existing diabetic phenotypes.
Recently van Nimwegen and co-workers showed that antipsychotic naive schizophrenics
also experience hepatic insulin resistance compared to non-schizophrenic controls. Such
increased propensity towards insulin resistance in schizophrenics may be the outcome of
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metabolic abnormalities [62]. These findings hints toward bidirectional link between
diabetes and schizophrenia.

We observed db/db mice to be less anxious than age-matched lean controls in the elevated
plus maze test (Fig. 3). Juvenile as well as adult db/db mice spent significantly more time on
the open arms compared to age matched lean controls. db/db mice also showed a significant
increase in percent open arms entries compared to age-matched lean controls. Both age-
group db/db mice traveled equal distance on open arms compared to age-matched lean
controls suggesting that the observed increase in time spent into open arms by db/db mice is
not affected by their hypo-locomotive behavior. Though db/db mice have impaired leptin
signaling, previous literature about leptin's role in anxiety behavior is ambiguous. Asakawa
and co-workers reported that leptin treatment can ameliorate anxiety-like behavior of ob/ob
mice [34]. On the other hand, Buyse and colleagues reported decreased open arms
exploration in elevated plus maze test with intraperitoneal leptin treatment in diet-restricted
rats [63]. In contrast, Suomalainen and Mannisto reported that higher doses of leptin (10 and
20 mg/kg) failed to affect anxiety behavior in ad libitum fed mice [64]. Also, in
spontaneously diabetic INS2Akita mouse, Asakawa and colleagues reported anxiety-like
behavior using the elevated plus maze test [65]. Labad and colleagues recently have shown
that depression but not anxiety is associated with type-2 diabetes [66]. Results of anxiety
and depression screening of db/db mice are consistent with this clinical report showing the
presence of depression but not anxiety. Contrary to this, high anxiety scores [67] and
increased prevalence of generalized anxiety disorder was reported in type-2 diabetic patients
relative to non-diabetic adults [68]. Clinical studies evaluating anxiety levels in type-2
diabetic patients led to conflicting outcomes. Exploring the biological mechanisms that
govern anxiolytic behavior of db/db mice may help to understand why there are differences
in some but not all neuropsychological deficits with type-2 diabetes.

In the open field test, db/db mice undergo a decrease in basic movements (quantified by IR
beam interruptions due to more body movements in the open field) and fine movements (IR
beam interruptions due to fine movements such as head-twitching, grooming etc) compared
to age-matched lean controls. These results are in agreement of our previous research report
[4] and others [21,28]. Laposky and colleagues used 3–4 months (or 12–16 weeks) adult db/
db mice and studied total activity counts, while the present study investigated locomotor
behavior of much younger (5–6 weeks) db/db mice. Similar changes in locomotor behavior
of juvenile db/db mice were reported by Hesse and co-workers [69]. We evaluated db/db
mice for basic movements due to whole body movements as well as fine movements
resulting from head-twitching, grooming etc. Hypo-locomotion is the hallmark feature of
several psychiatric disorders like Parkinson's disease, Huntington chorea, antipsychotic-
induced pseudoparkinsonism etc. While some have argued that decreased locomotor activity
in the open field test may account for increased duration of immobility in FST, others have
observed no correlation between locomotor activity and performance of mice in FST
[55,70]. Increased immobility in FST as well as decrease in locomotor activity was reported
in ob/ob mouse strain [55]. Further, clinical studies indicated comorbidity of depression with
hypolocomotive disorders such as Parkinsonism [71]. If a decrease in locomotor activity is
causing increased immobility time in forced swim test, it should also reduce the distance
traveled on open arms in the elevated plus maze. However, there was no reduction in the db/
db mice compared to age-matched lean controls. We also believe that open field test is not a
behavioral model to test depression-like symptoms unless animals are olfactory
bulbectomized. It is most appropriately used to reflect deficits in motor behavior and to test
partial anxiety than depression of mice with intact olfactory bulbs. Thus, depressive-
symptoms can also be observed in hypo-locomotive individuals. Use of alternative models
such as learned helplessness, sucrose preference test or TST that mimics depression-like
symptoms may further strengthen presence of depressive symptoms in this mouse strain.
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Unfortunately sucrose consumption test requires an extensive amount of time before
screening for depression-like behavior [72] which may preclude evaluation of age-related
changes in behavior. Previous reports suggest that TST is not the ideal test for mice with
C57 genetic background (like db/db mice) that have a tendency to climb on the tail [73].
Further, TST, like FST, can also depend on motor activity [74]. Like lean controls, db/db
mice also exhibited thigmotaxis behavior—a tendency of animals to stay in proximity of
support while traveling. This is indicative of a normal response to the low stress
environment of an open arena. Stranahan and colleagues also showed similar tendency of
db/db mice to spend less time in the center arena. However, they also have reported
significant difference in percent time in center arena between db/db mice and control mice
[28].

Cognitive deficits are the hallmark features of obese and diabetic rodents [22] and are also
prevalent in type-2 diabetic patients [10]. Diabetic obese rodents have impaired spatial
memory task performance in Morris water maze test [22]. We tested db/db mice for their
working memory rather than spatial memory performance. Both age-group db/db mice did
not show signs of impairment of working memory in Y-maze test compared to age-matched
lean control mice (Fig. 5). While the frontal cortex is the anatomical site for working
memory, the hippocampus's role as the regulator for spatial memory functions is well
documented [75,76]. Recently, Stranahan and colleagues reported diabetes-induced
detrimental effects on hippocampal neurons, impaired recovery from hippocampal neuronal
defects post-calorie restriction and increased energy expenditure in insulin-resistant and
leptin-receptor mutated db/db mice [28]. Further, leptin can alter neuronal dendrite
morphology [39]. Elevations in corticosterone levels [27] as well as reduced hippocampal
brain-derived neurotrophic factor (BDNF) levels [28] are suggested as crucial mechanisms
for diabetes-related cognitive deficits. Ohta and colleagues using conditioned taste aversion
(CTA) learning test showed that impaired downstream signaling due to the mutation in
leptin receptors in db/db mice had no effect on acquisition of CTA learning but promoted
faster extinction [23]. Yamamoto suggested the parabrachial nucleus, amygdala, insular
cortex, supramammillary nucleus, nucleus accumbens, and ventral pallidum as possible
anatomical sites for CTA learning in rats [77]. Li and colleagues reported compromised
spatial memory performance in the Morris water maze test [22]. db/db mice may have intact
working memory as evident from Y-maze test results but poor spatial memory performance
and faster extinction of CTA points to anatomical specificity in memory deficits.

Apart from leptin and insulin resistance [78], hormones like ghrelin [79] and
neurotransmitters e.g. norpinephrine [2,80] could be other dominant mechanisms that may
govern type-2 diabetes-linked CNS dysfunctions. Evidence suggests that leptin can restore
normal glucose levels [81] and improve insulin-sensitivity of target organs [82,83]. In
contrast, long-term hyperglycemia lowers leptin levels [84]. Thus insulin and leptin may
have similar mechanisms and maintain close temporal synchronism. Although mutation in
leptin receptors is not observed clinically, db/db mice could be the important experimental
tool to investigate for the possible involvement of leptin in diabetes related insulin resistance
and comorbid complications. Recently, Schwartz and Bahn reviewed possible application of
altered proteins and metabolites identified in schizophrenic brain cerebrospinal fluid [85].
Investigations for such schizophrenia-specific biomarkers in type-2 diabetic brains may
unravel mechanisms that led to age-dependent advancement of psychosis-like behavior in
db/db mice. In view of resistance to insulin (severe hyperinsulinemia) and leptin (mutation
in leptin receptor LRb isoform), pharmacological manipulation of db/db mice with
exogenous insulin or leptin to correct observed behavioral depression and psychosis-like
symptoms do not seem to be a convincing rationale. However, our future studies will
address the effect of insulin-sensitizers such as rosiglitazone and metformin on
neurobehavioral deficits in db/db mice. Our future research will also report marked
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biochemical differences in dopamine and its major metabolites in db/db mice brain
compared to lean control mice (Sharma et al., unpublished data). Our preliminary results
suggest a significant relationship between progression of type-2 diabetes, neurobehavioral
deficits and dopamine turnover pattern in key brain regions, particularly frontal cortex that
regulates PPI or psychosis-like behavior (Sharma et al., unpublished data).

In conclusion, this is the first study to report behavioral depression, psychosis-like
symptoms and anxiolytic behavior in db/db mice strain. Also, db/db mice were hypo-
locomotive; exhibited normal thigmotaxis and no impairment of working memory. Thus, db/
db mice showed the presence of select group of neuropsychological deficits. The db/db mice
could be used as a model to study type-2 diabetes-induced depression and psychosis.
Investigations to find biochemical and neurobiological markers governing these deficits may
help to improve our understanding about interrelationships between diabetes and comorbid
CNS disorders.
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Fig. 1.
Depression-like behavior of db/db mice. Separate groups of juvenile (5–6 weeks) and adult
(10–11 weeks) db/db mice and their age-matched lean controls were tested for duration of
immobility in forced swim test. Each mouse was forced to swim in water cylinder and
scored for duration of immobility. Each bar represents means ± S.E.M. of data from 7–10
mice per group. *p<0.05 vs. age-matched lean control mice.
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Fig. 2.
Psychosis-like behavior of db/db mice. Different groups of juvenile (5–6 weeks) and adult
(10–11 weeks) db/db mice and their age-matched lean controls were tested for PPI behavior.
Each mouse was subjected to 5 types of trials and each trial was presented 10 times as pulse
alone (85 dB or 100 dB white noise), pre-pulse alone (70 dB) and pre-pulse + pulse (70 dB
+ 85 dB or 70 dB + 100 dB) in randomized fashion (total trials: 5 × 10 = 50) with
background noise (60 dB) in startle chambers and their startle responses to these stimuli (in
Newtons; Max[N]) were recorded using pressure-sensitive plates. Each bar represents means
± S.E.M. of data from 7–10 mice per group. *p<0.05 vs. age-matched lean control mice.
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Fig. 3.
Anxiolytic behavior of db/db mice showing a) Percent time spent in open arms b) Percent
open arms entries and c) Open arms distance traveled (inches) on elevated plus maze.
Different groups of juvenile (5–6 weeks) and adult (10–11 weeks) db/db mice and their age-
matched lean littermates were subjected to 5 min elevated plus maze test. Each bar
represents means ± S.E.M. of data from 7–10 mice per group. *p<0.05 vs. age-matched lean
control mice.
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Fig. 4.
Hypo-locomotive and thigmotaxis behavior of db/db mice in open field test showing a)
Basic movements b) Fine movements and c) Percent time spent in periphery. Different
groups of juvenile (5–6 weeks) and adult (10–11 weeks) db/db mice and their age-matched
lean controls were subjected to 10 min open field test. Each bar represents means ± S.E.M.
of data from 7–10 mice per group. *p<0.05 vs. age-matched lean control mice.
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Fig. 5.
Working memory test in db/db mice. Different groups of juvenile (5–6 weeks) and adult
(10–11 weeks) db/db mice and their age-matched lean controls were subjected to 8 min Y-
maze test and scored for a) total arm entries, b) alternations and c) percent Y-maze scores.
Each bar represents means ± S.E.M. of data from 7–10 mice per group. *p<0.05 vs. age-
matched lean control mice.
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Table 1

Metabolic parameters of lean control and db/db mice.

Mouse strain Lean control db/db Lean control db/db

Age (weeks) 5 5 10 10

Group size (n) 18–20 12–13 18–20 12–13

Body weight (g) 19.63 ± 0.28 24.14 ± 0.6* 25.18 ± 0.56 35.97 ± 1.2*

Blood glucose (mg/dL) 145.25 ± 4.7 230.38 ± 13.25* 140.32 ± 8.81 583.20 ± 35.86*

Plasma insulin (ng/ml) ND ND 1.27 ± 0.21 4.61 ± 1.52*

Food intake (g/day/mouse) 4.17 ± 0.13 7.43 ± 0.43* 3.85 ± 0.11 6.74 ± 0.37*

Water intake (g/day/mouse) 7.05 ± 0.13 15.66 ± 1.69* 9.76 ± 0.89 20.15 ± 2.39*

% Fat mass ND ND 17.94 ± 1.01 58.92 ± 0.75*

% Lean mass ND ND 70.43 ± 1.01 42.78 ± 1.40*

% Body water ND ND 59.62 ± 1.00 35.85 ± 1.16*

ND, not determined.

*
p<0.05 versus age-matched lean controls, unpaired t-test.
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