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    Abstract
Several neurological diseases are frequently accompanied by dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis. The HPA axis regulates the secretion of glucocorticoids (GCs), which play important roles in diverse brain functions, including cognition, emotion, and feeding. Under physiological conditions, GCs are adaptive and beneficial; however, prolonged elevations in GC levels may contribute to neurodegeneration and brain dysfunction. In the current study, we demonstrate that apolipoprotein E (apoE) deficiency results in age-dependent dysregulation of the HPA axis through a mechanism affecting primarily the adrenal gland.Apoe−/− mice, which develop neurodegenerative alterations as they age, had an age-dependent increase in basal adrenal corticosterone content and abnormally increased plasma corticosterone levels after restraint stress, whereas their plasma and pituitary adrenocorticotropin levels were either unchanged or lower than those in controls. HPA axis dysregulation was associated with behavioral and metabolic alterations. When anxiety levels were assessed in the elevated plus maze,Apoe−/− mice showed more anxiety than wild-type controls. Apoe−/−mice also showed reduced activity in the open field. Finally,Apoe−/− mice showed age-dependent increases in food and water intake, stomach and body weights, and decreases in brown and white adipose tissues. These results support a key role for apoE in the tonic inhibition of steroidogenesis and HPA axis activity and have important implications for the behavioral analysis of Apoe−/− mice.
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Apolipoprotein E (apoE) plays an important role in the metabolism and redistribution of lipoproteins and cholesterol (Mahley, 1988). In the brain, apoE has been implicated in development, regeneration, neurite outgrowth, and neuroprotection (Weisgraber and Mahley, 1996). Mice deficient in apoE (Apoe−/− mice) (Piedrahita et al., 1992; Plump et al., 1992) have been used to define the potential physiological importance of apoE in brain function. AlthoughApoe−/− mice have no obvious abnormalities in CNS development, they show age-dependent structural and functional alterations in the cortex and hippocampus (Masliah et al., 1995; Raber et al., 1998; Buttini et al., 1999). The mechanisms underlying these hippocampal alterations are unknown and could involve peripheral pathways. Other studies have not detected such alterations in Apoe−/− mice (Anderson et al., 1998; Fagan et al., 1998), possibly because of differences in mouse strains, husbandry conditions, diets, or functional tests used.
Although the liver and the brain are the major sites of apoE synthesis, many other tissues, and particularly steroidogenic tissues such as the adrenal gland, also express apoE (Prack et al., 1991; Nicosia et al., 1992). Adrenal apoE expression, which is highest in cortical cells that synthesize glucocorticoids (GCs), declines when steroidogenesis is stimulated and increases when it is blocked (Prack et al., 1991;Nicosia et al., 1992). However, the function of apoE synthesized by the adrenal gland is unknown.
The hypothalamic–pituitary–adrenal (HPA) axis plays an important role in many brain functions, including cognition, emotion, and feeding. Alterations in the regulation of this axis are associated with impairments in these functions. The HPA axis regulates the secretion of GCs. Although under physiological conditions GCs are adaptive and beneficial, prolonged elevations in GC levels resulting from dysregulation of the HPA axis (e.g., during chronic stress) can be detrimental (for review, see Raber, 1998). The hippocampus has the highest concentration of GC receptors (McEwen et al., 1986), and chronic HPA axis activation and GC hypersecretion are associated with disturbances in hippocampal morphology (Davis et al., 1986; Woolley et al., 1990; Watanabe et al., 1992; Magariños and McEwen, 1995;Sapolsky, 1996; Lupien and McEwen, 1997; Lupien et al., 1998; Porter and Landfield, 1998) and function (McEwen and Sapolsky, 1995). In rodents, normal hippocampal function is required for adequate exploratory behavior in a novel environment and for spatial recognition memory (Britton et al., 1982; Gray, 1982; Sutton et al., 1982; Gray and McNaughton, 1983; Koob and Bloom, 1985; Liang and Lee, 1988).
In the present study, we analyzedApoe−/− mice to investigate the possible role of apoE in the regulation of the HPA axis and of brain functions in which the HPA axis plays an important role.
MATERIALS AND METHODS
Animals. MaleApoe−/−(C57BL/6J-Apoetm1Unc) and wild-type C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were housed under conditions of constant temperature (18°C), light from 6:00 A.M. to 6:00 P.M., and access to food and water ad libitum. To avoid circadian variation, they were tested or killed between 10:00 A.M. and 12:00 P.M., unless indicated otherwise. To minimize the effects of social influences on behavior, mice were housed individually for 7 d before assessment of open field activity or plus maze performance (see below). Mice were also housed individually for measurements of food and water intake. Otherwise, they were group-housed.
Open field activity. Mice were placed individually into brightly lit automated activity cages equipped with rows of infrared photocells interfaced with a computer (San Diego Instruments, San Diego, CA). After a 1 min adaptation period, open field activity was recorded for 10 min on 3 consecutive days. Recorded beam breaks were used to calculate active times, path lengths, rearing times, and rearing events. After behavioral testing, the equipment was cleaned with 1 mm acetic acid to remove odors.
Elevated plus maze. Anxiety levels were assessed with an elevated, plus-shaped maze consisting of two open arms and two closed arms equipped with rows of infrared photocells interfaced with a computer (Hamilton, Poway, CA). Mice were placed individually in the center of the maze and allowed free access for 10 min. They could spend their time either in a closed safe area (closed arms) or in an open area (open arms). Recorded beam brakes were used to calculate the time spent in the open arms, the distance moved in the open arms, and the number of times the mice extended over the edges of the open arms. Reductions in these variables indicate increased anxiety. After behavioral testing, the equipment was cleaned with 1 mmacetic acid to remove odors.
Corticosterone and adrenocorticotropin measurements. To determine plasma corticosterone and adrenocorticotropin (ACTH) levels, adrenal corticosterone or pituitary ACTH content, mice were anesthetized with metofane for 2 min, decapitated, and bled into EDTA-containing tubes (Microtainer; Becton-Dickinson, Rutherford, NJ), and the adrenal glands and pituitaries were removed and placed on dry ice until extraction and assay for corticosterone or ACTH as described below. The same group of mice was used to determine basal plasma corticosterone and ACTH levels and adrenal corticosterone content. The blood was spun at 10,000 × g for 10 min at 4°C, and the supernatant was stored at −70°C until assayed for corticosterone or ACTH. Corticosterone was measured with a corticosterone radioimmunoassay (RIA) kit for rats and mice (ICN Biomedicals, Costa Mesa, CA). The intra- and inter-assay coefficients of variation were both 7%.
ACTH was measured with an ACTH RIA kit (Nichols Institute, Capistrano, CA). The intra- and inter-assay coefficients of variation were 3 and 7%, respectively.
Adrenal corticosterone extraction. To extract corticosterone, the adrenals were homogenized in 5 ml of 0.1m PBS, pH 7.4, with a Polytron (Virtis, Gardiner, NY). After the addition of 5 ml of isooctane and 5 ml of ethylacetate, the samples were vortexed for 5–8 min with a multitube vortexer and centrifuged at 4,000 rpm for 5 min in an Omnifuge RT. The upper organic phase was extracted according to the protocol of Mellon et al. (1980), as modified by Akwa et al. (1993). The extraction procedure was repeated twice, and the organic phase was evaporated under a stream of nitrogen gas at 60°C. The pellets were resuspended in 400 μl of methanol and 600 μl of steroid diluent (ICN Biomedicals) and stored in the dark at 4°C until assayed for corticosterone.
Pituitary ACTH extraction. To extract ACTH, pituitary samples were placed in 500 μl of 2N acetic acid, boiled for 10 min, cooled on ice, and sonicated twice for 3 sec with a Vir Sonic 50 sonicator (Virtis). After centrifugation at 10,000 × gfor 10 min and removal of an aliquot for protein determination (Micro BCA* protein assay reagent kit; Pierce, Rockford, IL), samples containing 450 μl were lyophilized overnight (Freeze Mobile 5SL; Virtis). The lyophilized samples were resuspended in 450 μl of RIA buffer (Raber et al., 1997) and stored at −70°C until assayed for ACTH immunoreactivity.
ACTH challenge and urinary corticosterone measurements. To determine adrenal sensitivity, naive mice were individually housed in metabolic cages, as described (Akana, 1999). After 1 week of habituation to the cages, urine was collected from 5:00 P.M. to 7:00 A.M. and from 7:00 A.M. to 5:00 P.M. for 7 consecutive days. After the 5:00 P.M. collection, the mice were challenged with saline (0.1 ml/mouse, i.p.) on the second and fourth days, and with highly purified ACTH (ACTHar; 0.4 U/mouse, 0.1 ml, i.p.; Rhone-Poulenc Rorer Pharmaceuticals, Collegeville, PA) on the seventh day. The volume of the urine samples was recorded, and the samples were stored at 4°C until assayed for corticosterone.
Adrenal histology. For histological and lipid analysis, adrenal glands were removed from perfusedApoe−/− and wild-type mice, fixed in formalin, and embedded in paraffin. Sections (5 μm) were stained with hematoxylin and eosin, and bright-field photographs were taken on a Leica (Nussloch, Germany) microscope. Alternatively, sections were stained with Nile Red (9-diethylamino-5H-benzo [α] phenoxazine-5-one) to identify lipid deposits (Greenspan et al., 1985) and viewed with a MRC-1024 laser scanning confocal microscope (Bio-Rad, Hercules, CA) mounted on an Optiphot-2 microscope (Nikon, Tokyo, Japan).
Dissection of adipose tissues and plasma leptin measurements. Mice were killed by decapitation. Epididymal white adipose tissue (around the testis), mesenteric white adipose tissue (around the stomach), and interscapular brown adipose tissue were dissected. Landmarks for dissection of white adipose tissue depots followed the planes of the tissue fascia capsule. Epididymal white adipose tissue included the fat pad surrounding the testis and was dissected free of the spermatic cord, testis, and epididymis. Mesenteric fat included all the fascia enclosed fat and minor blood vessels surrounding the gastrointestinal tract and excluded the pancreas and major lymph nodes. Plasma leptin levels were measured with a leptin RIA (Linco, St. Charles, MO). The intra- and inter-assay coefficients of variation were 3 and 10%, respectively.
Food and water intake. Naive mice were housed individually. The food and water intake of mice over 5 consecutive days was measured by weighing the remaining food and water.
Statistical analysis. Data are expressed as mean ± SEM. The statistical significance of differences between aged-matched groups was determined by ANOVA followed by Tukey–Kramer test when appropriate. p < 0.05 was considered significant.

RESULTS
Plasma corticosterone levels of Apoe−/−and wild-type mice
At 3 months of age, there was no significant difference in basal plasma corticosterone levels betweenApoe−/− mice and wild-type controls (30.2 ± 6.8 and 23.7 ± 4.6 ng/ml, respectively;n = 4 mice per group). Ten min of restraint stress is a sensitive procedure to assess HPA axis responsivity (Raber et al., 1997). After 10 min of restraint stress, plasma corticosterone levels increased markedly, but there was no difference in plasma corticosterone levels between theApoe−/− (140.5 ± 22.2 ng/ml) and wild-type (140.7 ± 6.2 ng/ml) mice at 3 months of age (n = 5 mice per group). In contrast, 6-month-oldApoe−/− mice had significantly higher plasma corticosterone levels than wild-type mice after 10 and 30 min of restraint stress (Fig. 1). Under basal conditions and after 3 min of restraint stress,Apoe−/− mice and wild-type controls had similar plasma corticosterone levels. A difference in plasma corticosterone levels after 10 min of restraint stress betweenApoe−/− (109.1 ± 35.9 ng/ml) and wild-type (66.8 ± 8.0 ng/ml) mice was also detected at 18 months of age (n = 4 mice per group).
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Fig. 1. Plasma corticosterone levels in 6-month-old wild-type and Apoe−/− mice at baseline (Basal) and after 3, 10, 15, or 30 min of restraint stress. The same mice were used to determine basal plasma ACTH levels (Fig. 3), adrenal corticosterone content (Table 1), and pituitary ACTH content (see Results). **p < 0.01 versus basal; °p < 0.05; °°p < 0.01; n = 4–9 mice per group.



There were no significant differences in basal plasma corticosterone levels between wild-type andApoe−/− mice in the late afternoon, when plasma corticosterone levels in rodents normally peak (Dallman et al., 1987), although there was a trend toward higher basal corticosterone levels in Apoe−/−(68.9 ± 13.3 ng/ml) than in wild-type (41.2 ± 10.3 ng/ml) mice (n = 4 mice per group).

Adrenal corticosterone content and histology
The adrenal corticosterone content was similar inApoe−/− and wild-type mice at 3 months of age but was significantly higher inApoe−/− mice than in wild-type mice at 6 months of age (Table 1). This difference is consistent with the increased plasma corticosterone after restraint stress in 6-month-oldApoe−/− mice. The adrenal glands in both 6-month-old groups showed similar hematoxylin and eosin staining (data not shown). However, 6-month-oldApoe−/− mice showed increases in lipid droplets in both the adrenal cortex and the medulla (Fig.2), consistent with hypersecretion of adrenal corticosterone and increased adrenal corticosterone content (Hall and Almahbobi, 1997).
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Table 1. Adrenal corticosterone content inApoe−/− and wild-type mice
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Fig. 2. Nile Red staining of the adrenal glands of 6-month-old wild-type (top) andApoe−/−(bottom) mice. Lipid deposits were visualized as described in Materials and Methods. Adrenals ofApoe−/− mice have an increased lipid content.




Plasma and pituitary ACTH levels
To determine the role of central HPA alterations in the stress-induced plasma corticosterone elevations ofApoe−/− mice, we analyzed plasma and pituitary ACTH levels. At 3 months of age, there was no significant difference in basal ACTH levels betweenApoe−/− (65.8 ± 11.8 pg/ml) and wild-type (60.2 ± 5.3 pg/ml) mice (n = 4 mice per group). After 10 min of restraint stress, plasma ACTH levels increased markedly, but there was no significant difference in plasma ACTH levels between Apoe−/−(362.2.8 ± 42.8 pg/ml) and wild-type (273.3 ± 48.9 pg/ml) mice (n = 5 mice per group; p = 0.096).
There was also no significant difference in basal plasma ACTH levels between 6-month-old Apoe−/− and wild-type mice (Fig. 3). However, restraint stress-induced ACTH levels in 6-month-oldApoe−/− mice were disproportionally low (Fig. 3) compared with the increased stress-induced plasma corticosterone levels observed at this age (Fig.1). There were no significant differences in pituitary ACTH content between Apoe−/− (0.243 ± 0.088 pg/μg protein; n = 5) and wild-type (0.205 ± 0.032 pg/μg protein; n = 9) mice.
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Fig. 3. Plasma ACTH levels in 6-month-old wild-type andApoe−/− mice at baseline (Basal) and after 3, 10, 15, or 30 min of restraint stress. *p < 0.05; **p < 0.01 versus basal; °°p < 0.01; n = 4–9 mice per group.




Adrenal sensitivity to ACTH challenge
A higher sensitivity of the adrenal gland ofApoe−/− mice to stimulation with ACTH might explain the relatively low plasma ACTH levels and high plasma corticosterone levels after restraint stress (Figs. 1, 3). To test this possibility, we used metabolic cages to measure overnight urinary corticosterone excretion in 6-month-oldApoe−/− and wild-type mice challenged at 5:00 P.M. with saline or highly purified ACTH (ACTHar) (Fig. 4). After the second saline injection, the plasma urinary corticosterone excretion increased more in Apoe−/− mice than in wild-type mice (p < 0.01). However, there was no significant difference in the ACTHar-induced corticosterone levels between the two groups. When challenged with 0.2 or 2.0 U of ACTHar,Apoe−/− and wild-type mice also showed a similar adrenal sensitivity (data not shown). Thus,Apoe−/− mice did not exhibit an increased adrenal sensitivity to ACTH.
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Fig. 4. Adrenal responsivity to ACTH challenge in 6-month-old wild-type and Apoe−/−mice. Naive mice were housed in metabolic cages. After 1 week of habituation to the novel environment, urine was collected from 5:00 P.M. to 7:00 A.M. (PM bars) and from 7:00 A.M. to 5:00 P.M. (AM bars). After the 5:00 P.M. collection, mice were challenged with saline (0.1 ml/mouse, i.p.) on the second and fourth days and with 0.4 U of ACTHar (0.1 ml/mouse, i.p.) on the seventh day. **p < 0.01 versus A.M.;●●p < 0.01 versus wild-type;n = 6 or 7 mice per group.




Behavioral alterations inApoe−/− mice
We next determined possible behavioral consequences of HPA axis dysregulation in Apoe−/− mice. When anxiety levels were assessed in the elevated plus maze, 6-month-old male Apoe−/− mice showed more anxiety than wild-type controls (Fig.5A–C).Apoe−/− mice also had higher plasma corticosterone levels than wild-type controls after behavioral testing (Fig. 5D). However, no significant differences in horizontal or vertical exploratory activity were detected between these groups of mice in the open field (Raber et al., 1998). In contrast, at 12 months of age, exposure to a novel open field elicited significantly less horizontal and vertical activity inApoe−/− mice than in wild-type controls (Fig. 6). On subsequent days,Apoe−/− mice showed no decline in exploratory activity, whereas age-matched wild-type mice showed a significant decrease in horizontal and vertical activity between days 1 and 2 (p < 0.01) (Fig. 6).
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Fig. 5. Anxiety levels in 6-month-old wild-type andApoe−/− mice assessed in the elevated plus maze. Compared with the wild-type controls,Apoe−/− mice showed reductions in the time spent in the open arms (A), in the distance moved in the open arms (B), and in the number of times they extended over the edges of the open arms to explore (C).Apoe−/− mice also had abnormally increased plasma corticosterone levels after behavioral testing (D), consistent with increased anxiety. *p < 0.05 versus wild-type; n= 8 mice per group.
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Fig. 6. Open field activity of 12-month-old wild-type andApoe−/− mice. On each of 3 consecutive days, open field activity was recorded after an initial 1 min adaptation period. In wild-type mice, horizontal and vertical activities declined significantly (p < 0.01, repeated measures ANOVA). On day 1, the active times (A), path lengths (B), and frequency (C) and duration (D) of rearing events were significantly reduced in Apoe−/− mice compared with wild-type controls. Apoe−/− mice showed no further decline in horizontal or vertical activity on days 2 and 3. *p < 0.05; **p < 0.01 versus wild-type, Tukey–Kramer test; n = 8 mice per group.




Metabolic alterations inApoe−/− mice
Because the HPA axis is involved in regulating energy balance (Akana et al., 1994; Dallman et al., 1994), we examined whether the HPA axis dysregulation might be associated with metabolic alterations inApoe−/− mice. Food and water intake was compared in Apoe−/−mice and wild-type controls (Fig. 7). At 6 months of age, there were no differences betweenApoe−/− mice and wild-type controls. However, Apoe−/− mice showed significant increases in food intake at 12 and 18 months of age and in water intake at 18 months of age (Fig. 7).
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Fig. 7. Food and water intake of 6-, 12-, and 18-month-old wild-type and Apoe−/− mice was measured over 5 consecutive days and averaged. *p< 0.05; **p < 0.01 versus wild-type;n = 5–11 mice per group.



Next we determined whether the increased energy intake inApoe−/− mice was associated with other metabolic alterations (Table 2). Compared with age-matched wild-type mice,Apoe−/− mice showed significant increases in stomach and body weight and decreases in interscapular brown adipose tissue at 18 but not at 6 months of age. Plasma leptin levels and epididymal white adipose tissue were significantly lower inApoe−/− mice than wild-type controls at both 6 and 18 months of age.
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Table 2. Metabolic alterations in Apoe−/−mice





DISCUSSION
This study shows that apoE deficiency in mice results in an age-dependent dysregulation of the HPA axis through a mechanism affecting primarily the adrenal gland.Apoe−/− mice had an age-dependent increase in adrenal corticosterone content at baseline and abnormally increased plasma corticosterone levels after restraint stress, whereas their plasma and pituitary ACTH levels were either unchanged or decreased compared with those in wild-type controls. The dysregulation of the HPA axis in Apoe−/− mice was associated with behavioral and metabolic alterations.
The function of apoE synthesized by the adrenal gland is unknown. Our findings of increased adrenal corticosterone content and stress-induced corticosterone hypersecretion inApoe−/− mice suggest a key role for apoE in the tonic inhibition of steroidogenesis and adrenal cortical activity. These data are consistent with the inverse relationship between the levels of apoE mRNA and adrenal steroidogenesis (Prack et al., 1991; Nicosia et al., 1992). ApoE may exert regulatory effects on steroidogenesis by altering cholesterol metabolism or cholesterol trafficking within cells. ApoE expression in murine adrenocortical Y1 cells promotes cholesteryl ester storage and reduces cholesterol utilization for either steroidogenesis or efflux from the cell (Prack et al., 1991). Intracellular roles for apoE are supported by immunocytochemical studies detecting apoE in intracellular locations besides those expected for the secretory or endocytic pathways (Hamilton et al., 1990).
The dysregulation of the HPA axis inApoe−/− mice is age-dependent and parallels the time course of the development of structural alterations in the hippocampus (Masliah et al., 1995; Buttini et al., 1999). Chronic stress or corticosterone induces dendritic atrophy in hippocampal neurons (Woolley et al., 1990; Watanabe et al., 1992). Adrenalectomy and basal level corticosterone replacement attenuated the hippocampal pathology in aged rodents (Landfield et al., 1981), supporting an important role for elevated GC levels in hippocampal atrophy (Porter and Landfield, 1998). Thus, HPA axis dysregulation inApoe−/− mice might contribute to the age-dependent loss of microtubule-associated protein-2-positive neuronal dendrites and synaptophysin-positive terminals in the hippocampus found in these mice (Masliah et al., 1995; Buttini et al., 1999).
The hippocampus may be a site of GC-mediated negative feedback on the HPA axis. Damage to the hippocampus (Sapolsky et al., 1985) or prefrontal cortex (Diorio et al., 1993) increases the corticosterone response to restraint stress. This raises the possibility that the neuropathological changes inApoe−/− mice are either primary alterations that dysregulate the HPA axis or secondary alterations that exacerbate this dysregulation. The following observation suggests that the neuropathological changes inApoe−/− mice are not the main cause of the HPA axis dysregulation. InApoe−/− mice, in which human apoE isoforms were expressed in the brain at matching levels directed by the neuron-specific enolase promoter, apoE3 prevented age-dependent neuropathology in the cortex and hippocampus, but apoE4 did not (Buttini et al., 1999). However, restraint stress-induced plasma corticosterone levels in Apoe−/−mice expressing apoE3 or apoE4 were not significantly different and comparable with those in Apoe−/−mice without human apoE expression (Apoe−/− mice, 203 ± 43 ng/ml; apoE3 mice, 192 ± 44 ng/ml; apoE4 mice, 238 ± 34 ng/ml; n = 5–7 mice per group).
The age-dependent stress-induced increase in plasma corticosterone levels in Apoe−/− mice was paralleled by increased anxiety in the elevated plus maze and decreased exploratory behavior in the open field on day 1 (Figs. 5, 6). Because in their home cages, mice also experience stressful situations, plasma corticosterone levels may repeatedly increase to abnormal levels inApoe−/− mice. Consistent with this hypothesis, plasma corticosterone levels in 6-month-oldApoe−/− mice were higher than in age-matched controls after testing in the plus maze (Fig. 5). Repeated exposure to the open field on consecutive days was associated with a decline in horizontal and vertical activity in wild-type but notApoe−/− mice (Fig. 6). This could indicate that Apoe−/− mice have impairments in spatial habituation learning, which is characterized by decreased responses to repeated presentation of the same spatial stimuli, independent of muscle fatigue or receptor adaptation. However, the horizontal exploratory activity of the wild-type mice on day 3 and of the Apoe−/− mice on day 1 was similar, and this may be the minimal horizontal activity C57BL/6J mice attain in this paradigm. Therefore, differences in the activity ofApoe−/− and wild-type mice in the open field may be attributable primarily to the increased anxiety ofApoe−/− mice in a novel environment.
Our behavioral data are consistent with studies using glucocorticoid and mineralocorticoid receptor antagonists, which support a role for GCs in exploring novel environments and anxiety-related behavior (Oitzl et al., 1994; Korte et al., 1995; Smythe et al., 1997; Bitran et al., 1998; Ströhle et al., 1998).Apoe−/− mice have been the subject of numerous behavioral investigations (for example, see Gordon et al., 1995; Masliah et al., 1997; Oitzl et al., 1997; Anderson et al., 1998;Fisher et al., 1998; Raber et al., 1998). The findings of the current study underline the need to carefully consider the altered HPA axis and increased anxiety of these mice in the interpretation of behavioral alterations identified in these animals. Although the increased stress response in 6-month-old maleApoe−/− mice had no effect on their performance in a water maze task or on their behavior in the open field (Raber et al., 1998; data not shown), maleApoe−/− mice showed decreased activity in the open field at 12 months of age (Fig. 6). The metabolic alterations in Apoe−/− mice (Fig.7, Table 2) can also have important implications for their behavioral assessment, because they could confound the interpretation of certain tests, such as the hole board test, in which mice must learn to locate a food or water reward.
In the current study there were no differences at 3 months of age in plasma corticosterone response after restraint stress betweenApoe−/− and wild-type mice. These results differ from the decreased plasma corticosterone response after restraint stress reported for 1.5- and 4-month-oldApoe−/− mice (Gordon et al., 1996;Zhou et al., 1998). The reason for this discrepancy is unclear. The stress-induced increases in plasma corticosterone levels in 6-month-oldApoe−/− mice (Fig. 1) were associated with a disproportionately low increase in the ACTH response (Fig. 3). Yet, there was no significant difference in the ACTH-induced urinary corticosterone levels betweenApoe−/− and wild-type mice, indicating that Apoe−/− mice did not exhibit an increased adrenal sensitivity to ACTH. It is conceivable that increased levels of other factors that can directly activate the adrenal gland (Raber et al., 1997) might contribute to the stress-induced GC hypersecretion inApoe−/− mice.
The increase in stress-induced plasma GC levels inApoe−/− mice preceded the increase in food intake and the decrease in adipose tissue, consistent with previously reported effects of chronic stress (Akana et al., 1996). The reduced amount of adipose tissue inApoe−/− mice is consistent with their reduced plasma levels of leptin, which is secreted by adipocytes in proportion to the amount of adipose tissue. The stress-induced hypersecretion of GCs might also reduce leptin levels by stimulating leptin clearance (Arvaniti et al., 1998). The reduced leptin levels in turn could contribute to stress-induced GC hypersecretion, because leptin has been reported to reduce the plasma GC response to stress and fasting (Ahima et al., 1996; Heiman et al., 1997) and the secretion of GCs in primary adrenal cultures (Kruse et al., 1998). Interestingly, reduced plasma leptin and increased plasma total cholesterol levels predict increases in body mass index, even when adjusted for body fat, in children (Byrnes et al., 1999). TheApoe−/− model may relate to this situation, because it also combines weight gain with decreased leptin (this study) and increased plasma cholesterol levels (Zhang et al., 1992).
HPA axis dysregulation with chronic GC hypersecretion appears to exert detrimental effects in normal human aging (Lupien et al., 1998; Porter and Landfield, 1998) and in several human diseases, including Alzheimer's disease (AD), AIDS dementia, Cushing's syndrome, and depression. In patients with AD and Cushing's syndrome and in children with AIDS, HPA axis activity, as determined by plasma cortisol levels, correlates with the severity of hippocampal atrophy. There are different patterns of response to chronic HPA axis activation (Aguilera, 1994). The pattern of HPA axis dysregulation inApoe−/− mice may be relevant to human disease. Chronic activation of the HPA axis in patients with AD, multiple sclerosis, and depression (Hatzinger et al., 1995; Gold et al., 1995) also blunts the ACTH response but not the cortisol response, resembling diminished ACTH responses during chronic stress (Aguilera, 1994). Our study suggests an important role for apoE in the regulation of adrenal steroidogenesis and raises the intriguing possibility that alterations in the level or activity of apoE could be involved in disorders with GC hypersecretion.
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