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Abstract

Prenatal nutrient restriction (NR) culminating in intra-uterine growth restriction (IUGR) with

postnatal catch up growth leads to diabesity. In contrast, postnatal NR with growth restriction

(PNGR) superimposed on IUGR (IPGR) protects young and aging adults from this phenotype. We

hypothesized that PNGR/IPGR will compromise the blood-brain metabolic profile impairing

neurobehavior and predisposing to Alzheimer’s disease (AD). NR (50%) in late gestation followed

by cross-fostering of rat pups to either ad lib fed (CON) or NR (50%) lactating mothers generated

CON, IUGR, PNGR and IPGR male (M) and female (F) offspring that were examined through the

life span. In PNGR/IPGR plasma/CSF glucose and lactate decreased while ketones increased in

(M) and (F) (PN21, PN50). In addition increased brain glucose transporters, Glut1 & Glut3,

greater brain derived neurotrophic factor (BDNF), reduced Glut4, with unchanged serotonin

transporter concentrations were noted in (F) (PN50-60). While (F) displayed more hyperactivity,

both (F) and (M) exhibited anxiety although socially and cognitively unimpaired (PN25-28&50).

Aging (15-17m) (F) not (M), expressed low plasma insulin, reduced brain IRS-2, pAkt, and

pGSK-3pSer9, unchanged pPDK1, pTau or lipoprotein receptor related protein 1 (LRP1), higher

glial fibrillary acidic protein (GFAP) and spinophilin but a 10-fold increased amyloid-p42. We

conclude that therapeutically superimposing PNGR on IUGR (IPGR) should be carefully weighed

in light of unintended consequences related to perturbed neurobehavior and potential predilection

for AD.
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1. Introduction

Prenatal nutrient restriction with postnatal ad lib access to food results in obesity, type 2

diabetes mellitus, hypertension, cardiovascular disease and dyslipidemia (Barker et al.,

2005; Burdge et al., 2009; Evensen et al., 2009; Godfrey et al.; Horton, 2005; Morrison et

al.; Zigman and Elmquist, 2003). More recently, introduction of postnatal caloric restriction

imposed on prenatal caloric restriction with intra-uterine growth restriction (IUGR),

protected the offspring from obesity and type 2 diabetes in males (Garg et al., 2012a; Garg

et al., 2012b) and gestational diabetes in females (Garg et al., 2010). While a positive effect

of postnatal caloric restriction is encountered on the long term metabolic outcome, a

negative impact of postnatal caloric restriction on neuropsychiatric outcomes could prove to

be a limiting factor in considering this intervention for overcoming the expected metabolic

phenotype. Certain rodent (Medina-Aguirre et al., 2008) and human (Costello et al., 2007;

Dellava et al.) studies have associated neuropsychiatric disorders with early nutrient

restriction.

Epidemiological investigations have supported the association between early nutrient

restriction and the subsequent acquisition of depression and schizophrenia (Guimaraes et al.,

2008; Loh et al., 2006; Strassnig et al., 2005). In addition, specific aberrations in the

metabolic profile such as hypoglycemia have recently been linked with autism (synaptic

disconnectivity syndrome) and attention deficit disorders (neurotransmitter-linked) in

children (Ito, 2009; Quackenbush et al., 1999; Udani et al., 2009). Aberrant neurological

development as encountered in children with Down syndrome has led to the acquisition of

Alzheimer’s disease subsequently with aging (Cenini et al., 2012; Coppus et al., 2011;

Moncaster et al., 2010). Further, in adults the association of type 2 diabetes with

Alzheimer’s disease has uncovered a relationship between features of insulin resistance

encountered in insulin signaling with hyperphosphorylation of microtubule associated Tau

protein intra-cellularly necessary for forming neurofibrillary tangles and extracellular

amyloid- β plaque development, key characteristics of Alzheimer’s disease (Carro and

Torres-Aleman, 2004; Devaskar and Thamotharan, 2007; Finder et al., 2010; Gouras et al.,

2000; Holscher, 2011; Irie et al., 2005; Keeney et al.; Li et al., 2007; Liu et al., 2008;

Masters et al., 2006). In addition, more recently conditions in humans and mice with insulin

deficiency as encountered in type 1 diabetes mellitus (Devi et al., 2012; Liu et al., 2011;

Menon and Farina, 2011; Wang et al., 2010) or serum insulin-like growth factor deficiency

(Poirier et al., 2012) have also been associated with Alzheimer’s disease. However insulin

signaling in brain within the context of insulin deficiency and characteristics of Alzheimer’s

disease has not been fully delineated.

We hypothesized that postnatal nutrient restriction by itself or when superimposed on IUGR

would 1) disturb the early neuropsychiatric equipoise reliant on circulating and brain

metabolic homeostasis in male and female offspring, 2) alter brain glucose transporters and

insulin signaling mediating hyperphosphorylation of the microtubule-associated tau protein

and/or accumulation of amyloid-β protein, characteristics of Alzheimer’s disease, upon

aging. Our testing of these hypotheses led to the observations that postnatal nutrient

restriction by itself (PNGR) but more so when imposed on IUGR (IPGR): 1) disturbed the

blood-CSF (cerebrospinal fluid) metabolic profile and caused anxiety in both sexes with
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hyperactivity in females alone; these changes were associated with enhanced brain glucose

transporters (Glut1, Glut3) and brain-derived neurotrophic factor (BDNF) 2) reduced

circulating insulin and brain insulin signaling (IRS2, pAkt, Glut4) while activating

pGSK-3βSer9 and enhancing spinophilin and glial fibrillary acidic protein expression in

aging females promoted amyloid β42 accumulation consistent with features of Alzheimer’s

disease.

2. Results

The study design generating four experimental groups consisting of CON, IUGR, PNGR

and IPGR is shown schematically in Figure 1 (Garg et al., 2012b; Shin et al., 2012).

I. Post-weaned and Young Adult investigations

Body weights—PNGR and IPGR are lighter than CON while female IUGR but not male

IUGR is heavier than CON at PN21 (table 1) and PN50 (table 2). This reduction in weight

was more prominent at PN50 than PN21 in both males and females of PNGR and IPGR

groups (tables 1 and 2).

Plasma and CSF metabolites—Only PNGR and IPGR displayed low plasma and CSF

glucose concentrations at PN21 (table 1) and PN50 (table 2) in males and females. Reduced

plasma and CSF lactate concentrations were seen in male and female offspring at PN50

(table 2) with no such difference at PN21 (table 1). In contrast, CSF ketones were increased

in both male and female offspring at PN21 (table 1). Plasma ketones were only increased in

PN21 male PNGR/IPGR versus CON, with no similar change in female (table 1). At PN50,

no inter-group difference existed in plasma ketone concentrations in both males and females.

CSF ketones were differentially elevated only in PN50 male PNGR with a similar trend in

IPGR. However no change in PN50 female CSF ketones was observed (table 2).

Brain serotonin transporter, BDNF and Glucose transporter concentrations—
At PN60 particularly in females brain BDNF concentrations (regulates synaptic function,

structure and plasticity) were elevated in both PNGR and IPGR compared to CON (p<0.02,

p<0.01 Fig. 2A), while brain serotonin transporter protein concentrations were no different

between the four groups in both males and females (Fig. 2B). At PN60, as seen in the female

offspring, brain Glut1 concentrations increased in IPGR versus CON (p<0.05) while brain

Glut4 concentrations in PNGR were reduced versus CON (p<0.05) (Fig. 2C). In contrast,

brain Glut3 concentrations were noted to increase only in the IUGR group versus that of

CON (p<0.05) declining to control concentrations in both the IPGR and PNGR groups (Fig.

2C).

Neurobehavioral testing

A. Open Field: On comparing the locomotor activity of the male with female

offspring, females in all four groups showed significantly increased locomotor

activity and line crossings than their corresponding male counterparts. Particularly

while the female PNGR displayed more activity than the sex-matched CON with

respect to distance travelled, the male IPGR exhibited less line crossing activity
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versus the sex-matched CON group (Fig. 3A & B). However, no differences were

evident in the open field between the four experimental groups with respect to the

time spent in the center versus total distance travelled. The females in the IPGR

trended towards spending less time in the center suggesting more time spent in the

covered or dark areas related to anxiety, although this difference was not

statistically significant (Fig. 3C & D).

B. Elevated Maze test: This trend in female IPGR towards a difference in anxiety level

observed by open field testing was further confirmed by the elevated plus maze test

which assesses anxiety responses in rodents. Anxiety was determined by comparing

time spent in open versus closed arms of the elevated maze. The IPGR male and

female and the PNGR male alone spent significantly less time in the open arms

versus their sex-matched and age-matched CON counterparts (Fig. 3E), consistent

with enhanced anxiety affecting the amygdala-limbic system.

C. Sociability test: While both males and females in all four groups spent more time

with the conspecific mouse rather than in the empty cage, no inter-group

differences in sociability that tested the pre-frontal cortex were evident (Fig. 3F).

D. Water Maze test: The Morris Water Maze is designed to test spatial learning during

the training block sessions and memory during the probe trial. This test of spatial

cognition involves a hippocampus-dependent task. All animals were trained to

learn to escape from the pool during the hidden version of the Morris Water Maze.

Analysis of escape latencies revealed a trend towards longer escape latency in the

IPGR males although not statistically significant (Fig. 4A), suggestive of impaired

spatial cognition. No significant difference was observed in terms of escape latency

in males or females in all four groups (Fig. 4A & B). Spatial learning memory was

assessed by a probe trial conducted after completion of the training block trial

sessions. Analysis of quadrant occupancy and proximity displayed the IPGR male

to trend towards lower target quadrant occupancy scores suggestive of altered

spatial memory, however, no significant difference was observed among the four

groups whether male or female (Fig. 4C & D). Total path length and swim speed

were no different between the sexes or groups (Fig. 4E & F). Thus, no differences

were observed in perceptive, motivational and motor skills between the groups,

male or female.

II. Aging Investigations

Plasma insulin and IGF-1 (Insulin-like growth factor 1) concentrations—At 15–

17m of age, circulating insulin concentrations in the female offspring were lower in PNGR

and IPGR when compared to CON and IUGR (Fig. 5A) as previously reported (Garg et al.,

2006). No changes in IGF-1 concentrations were seen in any of the four groups.

Brain Insulin Signaling pathway—While no inter-experimental group differences in

insulin receptor substrate 1 (IRS-1) was observed (Fig. 5B), a decline in IRS-2 was evident

in IUGR, PNGR and IPGR versus CON with IPGR alone achieving statistical significance

(Fig. 5B). p(phosphorylated form) PDK (phosphoinositide-dependent protein kinase) 1 and

pmTOR (mammalian target of rapamycin) concentrations were no different in IUGR, PNGR
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and IPGR versus CON (Supplemental Fig. A, B). In contrast, a decline in pAkt was seen in

the IPGR and an activation seen as a decline in serine 9 phosphorylation of GSK-3β

(pGSK-3β; glycogen synthetase kinase) was seen in PNGR versus CON (Fig. 5C, D).

Brain tau and amyloid-β proteins—While no statistical differences were noted, a slight

trend towards increasing hyperphosphorylation of tau (~20%) was noted particularly in the

female PNGR and IPGR groups versus that of CON (Supplemental Fig. C). Lipoprotein

receptor related protein (LRP) 1 concentrations were no different in female IUGR, PNGR

and IPGR versus CON although a trend towards a decrease (~20%) was evident in IUGR

and PNGR (Supplemental Fig. D). Additionally, no difference in female brain amyloid β40

isoform was observed between the four experimental groups (Fig. 5E). In contrast a striking

increase in female brain amyloid β42 protein concentration was observed in the PNGR and

IPGR groups when compared to both the CON and IUGR groups (Fig. 5F). Examination of

the male aging counterpart revealed no inter-group differences in any of these measurements

including amyloid β42 (negative data not shown).

Brain cell specific marker proteins—We observed no inter-group differences in

MAP2 kinase (marker of neuronal dendrites), synaptophysin (marker of pre-synaptic

neuronal axons) and myelin basic protein (MBP, marker of oligodendrocytes) between

IUGR, PNGR, IPGR and CON. In contrast, while an increase in spinophilin (marker of post-

synaptic dendritic spines) was observed in IPGR, a uniform increase in glial fibrillary acidic

protein (GFAP; marker of astrocytes) was seen in IUGR, PNGR and IPGR when compared

to CON (Fig. 5G).

3. Discussion

This is the first investigation that has systematically examined the blood-brain metabolic

profile along with brain transport mechanisms and neurobehavior in the post-weaned and

young adult male and female offspring exposed to early nutrient restriction. While the IUGR

with postnatal catch up growth demonstrated mild if any metabolic derangements, the IPGR

and PNGR, revealed reduced circulating and CSF glucose concentrations. These changes

were more pronounced at PN21 versus PN50 and seen in males and females. Plasma and

CSF lactate concentrations declined in PNGR/IPGR PN50 males and females when

consuming a high carbohydrate containing rat chow diet. Both the PN21 PNGR and IPGR

demonstrated enhanced circulating and CSF ketone concentrations when consuming a high

fat milk diet. Thus, in the presence of a limited supply of glucose and lactate, ketones must

serve as the fuel supplying brain energy metabolism during this early phase of life. However

at PN50 while the PNGR/IPGR males continued to demonstrate protection by elevated CSF

ketones, this protection was absent in age-matched females. While we did not measure

insulin or IGF-I at these early stages in this study, we have previously assessed them and

noted insulin and IGF-I to be lower in PNGR and IPGR groups versus CON (Abbasi et al.,

2011; Shin et al., 2012; Thamotharan et al., 2005). These hormonal changes are congenial

for the use of alternate substrates to fuel brain energy metabolism. In addition to these

presently observed changes, we and others have previously demonstrated deficiencies in

macronutrients and micronutrients with early nutrient restriction, all of which can influence
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brain development of the offspring (Beard et al., 2005; Bhasin et al., 2009; Eden, 2005;

Rivera et al., 2003; Thamotharan et al., 2005; Torres et al., 2010).

We also noted that the glucose transporter isoform (Glut1) that predominantly resides in the

blood-brain barrier was increased significantly in the IPGR group, perhaps to compensate

for the diminution in circulating glucose concentrations. A similar observation was made

earlier in life at fetal day 22, PN1 to PN21 in the offspring born to rat mothers with

uteroplacental insufficiency and fetal growth restriction (Sadiq et al., 1999). While the

neuronal Glut3 concentrations were unperturbed in IPGR and PNGR, increased

concentrations were noted in the IUGR alone, again perhaps reflecting in-utero

compensation to reduced availability of substrate (glucose). In contrast, a reduction in the

insulin responsive Glut4 was seen in only the PNGR group signifying reduced insulin

signaling at this early young adult stage. While no previous studies defining brain Glut3 and

Glut4 in the adult offspring exposed to early nutrient restriction exist, chronic corticosterone

exposure in the adult rat was observed to reduce hippocampal Glut4 concentrations (Piroli et

al., 2007). No change in brain serotonin transporter (present on post-synaptic neurons)

concentrations was observed. However, the increase in BDNF concentrations seen only in

PNGR and IPGR females is reflective of a compensatory mechanism, perhaps targeting

preservation of synaptic function and plasticity, when subjected to an early life metabolic

injury. Previous investigations in transgenic female mice overexpressing BDNF displayed

higher anxiety scores suggesting that greater concentrations seen in female PNGR and IPGR

in our present study may have a similar behavioral effect (Papaleo et al., 2011). Hence we

explored this association with neurobehavioral tests.

While early life nutrient restriction perturbed the blood/CSF metabolic profile in both sexes

and resulted in compensatory changes of key brain proteins favoring the female,

neurobehavioral changes appeared to be sex-specific. The young IPGR females were more

hyperactive while the male IPGR were less active, in keeping with the elevated brain BDNF

concentrations in the females. This observed hyperactivity was not related to perceptual,

motivational or motor skill abnormalities, similar to the previously described transgenic

BDNF overexpressing female mice (Papaleo et al., 2011). However both females and males

IPGR/PNGR exhibited signs of heightened anxiety. In contrast both males and females

retained normal sociability and spatial learning and memory, despite the enhanced anxiety.

These encountered neurobehavioral features were reminiscent of an anxiety disorder and/or

attention deficit disorder that constitute neuropsychiatric conditions (Aiello and Whitaker-

Azmitia, 2011; Pfaff et al., 2011). Retention of normal sociability and spatial learning and

memory perhaps rules out conditions akin to autism spectrum disorders or other cognitive

dysfunctional disorders (Mair et al., 1991; Silverman et al., 2011; Tanda et al., 2009). While

brain serotonin transporter concentrations were preserved in both sexes, since we did not

measure serotonin or dopamine concentrations, it is difficult to speculate on the

neurotransmitter related mechanisms for the display of these aberrant neurobehaviors in the

young PNGR/IPGR adults. However, our investigation supports a role for early, particularly

postnatal nutrient restriction in perturbing neurobehavior during development stages

reflective of childhood or young adult.
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In addition, our observed neurobehavioral perturbations support involvement of specific

brain regions. The noted heightened anxiety in response to early life nutrient restriction

implicates the amygdala within the temporal cortex and its wide network of efferent

projections to hippocampus and prefrontal cortex. Particularly the basolateral nuclear

complex of the amygdala regulates emotional-arousal effects on memory consolidation

(Roozendaal et al., 2009), by increasing dorsal hippocampal concentrations of activity

regulated cytoskeletal-associated protein (ARC), which is the downstream signaling

molecule of BDNF (Moonat et al., 2010). Synaptic plasticity within the amygdala and

corticolimbic system influenced by early life nutrient restriction as described previously

with stress can cause adaptive or maladaptive responses during adult life (Muhammad and

Kolb, 2011a; Muhammad and Kolb, 2011b). Similarly, the dorsal hippocampal region

mediates memory and learning processes while the ventral region is related to emotional and

anxiety processes (Barkus et al., 2010; Fanselow and Dong, 2010; Snyder et al., 2009). The

prefrontal cortex (mainly layers V and VI) and sub-cortical nuclei including the striatum and

nucleus accumbens have also been implicated in mediating anxiety behavior (Kambe et al.,

2011). Based on these previous studies our present neurobehavioral findings in male and

female PNGR and IPGR young adult groups supports involvement of the central and medial

amygdala and ventral hippocampus that mediate anxiety. In contrast, the normal water maze

and sociability test results in our present study suggest sparing of the baso-lateral amydala,

dorsal hippocampus and prefrontal cortex that collectively mediate consolidation of memory

and cognition.

Long term follow-up of the aging offspring subjected to postnatal nutrient restriction

revealed a reduction in circulating insulin concentrations in the PNGR and IPGR females in

our present study. Instead hyperinsulinemia is a hallmark of insulin resistance and type 2

diabetes mellitus (Haan, 2006; Takeda et al., 2011). However, this reduction in the insulin

ligand of the insulin signaling pathway led to a reduction in brain IRS-2 and diminished

activation of Akt (pAkt) with increased activation of pGSK-3β Ser9. While no similar

reduction in either IRS-1 or pmTOR was evident, the changes observed are consistent with

reduced IRS-2-Akt with activated pGSK-3βSer9 mediated brain insulin signaling in female

aging IPGR/PNGR offspring. Previously transgenic overexpression of pGSK-3β led to

neurodegeneration of the dorsal hippocampal region resulting in altered cognition and

memory, while preserving the ventral hippocampus that mediates emotional anxiety states

(Fuster-Matanzo et al., 2011), findings different from our present neurobehavioral changes

observed earlier in the young adult. Exposure to postnatal nutrient restriction also perturbs

the developing pancreatic β-cells (Matveyenko et al., 2010) with what appears to be

permanent effects seen as reduced circulating insulin concentrations lasting into aging. The

consequent reduction in brain insulin signaling due to early nutrient restriction mimics that

seen with hypoinsulinemia of type 1 diabetes mellitus (Brodsky and Devlin, 1996; Hamadeh

and Hoffer, 2003) as well as that observed with brain insulin resistance present in adult

acquired type 2 diabetes mellitus (Kahn et al., 2006; Taguchi et al., 2007). The two

conditions of early nutrient restriction and type 1 diabetes mellitus are a result of chronic

and persistent hypoinsulinemia while type 2 diabetes mellitus is in association with

hyperinsulinemia.
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Previous investigations in adult onset type 2 diabetes mellitus have demonstrated that a

reduction in insulin signaling (IRS2-pAkt) (Schubert et al., 2003) along with activation of

GSK-3β (seen as reduced serine 9 pGSK-3β) lend themselves to hyperphosphorylating the

intrinsic microtubule-associated Tau protein. Such hyperphosphorylation is required for the

formation of neurofibrillary tangles which begin initiating the extracellular accumulation of

amyloid protein which ultimately forms plaques that destroy neurons, thereby leading to the

clinical features of Alzheimer’s disease (Finder et al., 2010; Keeney et al., 2011; Kirkitadze

and Kowalska, 2005; Yin et al., 2007). In separate adult rat investigations, exogenous

delivery of amyloid-β42 into the hippocampus impaired Akt-dependent insulin signaling and

membrane-associated Glut4 (Pearson-Leary and McNay, 2012). In our present investigation,

IPGR and PNGR displayed no change only a trend towards hyperphosphorylation of tau

while both PNGR and IPGR groups demonstrated a ten-fold increase in the amyloid-β42

which represents the main fibrillar species most likely responsible for the neuropathology of

Alzheimer’s disease (Deng et al., 2006; Irie et al., 2005; Kim et al., 2007). Aβ42 is first

elevated in the brain of patients with AD (Gouras et al., 2000; Iwatsubo et al., 1994),

implying that abnormal accumulation of Ap42 is a critical early stage in AD

neuropathology. Aβ42 is known to accumulate in response to axonal autophagy rather than

overt damage (Nixon, 2007), which is a possibility in our present investigation. Therefore,

15–17 month old female rats in PNGR and IPGR groups are likely to be in the early stages

of AD. Similar accumulation of amyloid-β42 was not seen in aging PNGR or IPGR males.

This observation in rodents is supported by human evidence of aging women having a

higher incidence of Alzheimer’s disease compared to men (Musicco, 2009; Nedoschill et al.,

1999; Schmidt et al., 2008; Thies and Bleiler, 2012; Vina and Lloret, 2010).

In addition, the female aging brains revealed increased signs of astrogliosis in IUGR, PNGR

and IPGR groups. However, no major changes in oligodendrocytes or pre-synaptic

(synaptophysin) or post-synaptic neurons (MAP2-kinase) were otherwise evident in any of

these groups, supporting early stages of amyloid-β42 accumulation prior to overt neuronal

destruction and perhaps loss. Enhanced astrogliosis is also observed with dystrophic

neurites, hippocampal atrophy and amyloid accumulation in vessels as seen in transgenic

Alzheimer disease mouse models (Wiedlocha et al., 2012). Hence it is possible that

astrogliosis with accumulating amyloid β I-42 particularly in the aging female PNGR and

IPGR unlike the younger adult counterpart may affect cognition and memory (Chen et al.,

2000) and anxiety (Espana et al., 2010; Wiedlocha et al., 2012) depending on the brain

regions and cell types involved.

However the significance of increased spinophilin (marker of post-synaptic neuronal

dendritic spines) in IPGR was not known. Spinophilin mutated mice expressed increased

dendritic spine density with reduced long term depression during the early developmental

stages (Feng et al., 2000). Thus increased spinophilin in the aging IPGR female rat may

signify the opposite, namely decreased dendritic spine density that supports reduced

cognitive abilities. Alternatively, increased spinophilin as observed in the IPGR group may

signify compensatory enhanced dendritic spines and synaptic activity in keeping with the

anxiety phenotype seen earlier in life. Previous studies have demonstrated increased

dendritic spine density observed in the amygdala to be associated with anxiety states

(Moonat et al., 2010). Anxiety in turn manifests when intraneuronal amyloid β peptide
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accumulates in the baso-lateral amygdala as seen in Alzheimer’s disease (Espana et al.,

2010).

Amyloid-β production is promoted by GSK-3α and reduced by GSK-3 inhibitors (Phiel et

al., 2003). Although the mechanism whereby GSK-3 promotes Aβ production remains to be

clarified, GSK-3-mediated phosphorylation of presenilin-1 (Uemura et al., 2007) which is

part of the y-secretase complex, may be a mechanism that is required for Aβ production

(Brunkan and Goate, 2005). Furthermore, the elevated production of Aβ42, with no

significant change in Aβ40, has been reported in transgenic mice bearing familial AD

mutations in presenilin-1 (Chui et al., 1999). Accordingly, it is possible that the decreased

plasma insulin influences brain insulin signaling including the activation of GSK-3β which

in turn promotes the Aβ42 production in PNGR and IPGR groups either via presenilin-1 or

enhanced phosphorylation of Tau protein (only a trend noted here). However, since we did

not measure brain presenilin 1 in this study, and there was GSK-3β activation seen by us in

PNGR alone, we can only speculate on the role of presenilin 1 in producing amyloid-β42 in

aging IPGR/PNGR females. In the absence of a diminution in LRP1 (only a trend seen here)

which in turn serves as the clearance pathway preventing accumulation of amyloid β peptide

(Sagare et al., 2007), we can surmise that in our present study amyloid-β42 accumulates not

due solely to a defect in the clearance but rather secondary to enhanced production perhaps

reliant on reduced insulin signaling related activation of GSK-3β.

Postnatal nutrient deficiency seen in PNGR and IPGR perturbed brain insulin signaling and

increased Aβ42 accumulation in aging females. Linkages between early life nutrient

deficiency and glucose-insulin related metabolic perturbations (Devaskar and Thamotharan,

2007; Garg et al., 2006; Oak et al., 2006; Ozanne et al., 2003; Thamotharan et al., 2005)

have been established as has been the link between insulin deficiency and AD-like changes

in the brain (Devi et al., 2012; Li et al., 2007; Liu et al., 2011; Menon and Farina, 2011;

Wang et al., 2010). However, this is the first direct evidence demonstrating a link between

postnatal nutrient restriction and sex-specific AD-like brain changes with aging. Although

animal studies inclusive of c. elegans, mice and monkeys demonstrate that nutrient

restriction imposed on adults promotes successful brain aging including the prevention of

Aβ neuropathology (Anson et al., 2003; Gillette-Guyonnet and Vellas, 2008; Kastman et al.,

2012; Mair et al., 2003; Qin et al., 2006; Schulz et al., 2007; Wang et al., 2005; Willette et

al., 2012), instead postnatal nutrient restriction which takes place during a critical window of

brain development increases the risk of AD with aging.

In conclusion, we have shown that postnatal nutrient restriction either by itself or when

imposed on IUGR, have neurological implications in the post-weaning, young adult and

aging stages of life. Early on between post-weaning and young adulthood, sex-specific

changes in neurobehavior consistent with hyperactivity in females but heightened anxiety in

both males and females are encountered. These neuropsychiatric effects are consequent to

perturbed blood-brain metabolic profile and greater BDNF concentrations despite the

compensatory increase in ketones and specific brain glucose transporters. In contrast to these

symptoms in the young adult, the aging female adult offspring demonstrates signs of

astrogliosis and perturbed dendritic spines along with features consistent with early

Alzheimer’s disease. These findings are of considerable significance as interventions related
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to curbing postnatal nutrient intake to overcome the metabolic maladaptive consequences of

IUGR are being considered. One must balance the metabolic benefits achieved against the

subsequent neuropsychiatric and perhaps aging associated cognitive impairments that are

unintended consequences of postnatal nutrient restriction. Future studies fine tuning such

postnatal nutritional interventions towards optimization must maximize the metabolic

benefit while minimizing the long lasting neurobehavioral impairments that are detrimental

throughout the life span. Additionally alternate postnatal neuroprotection should be sought

such as enhancing endogenous ketone supply.

4. Experimental Procedure

Animals

Sprague-Dawley rats (Charles River Laboratories, Hollister, CA) were housed in individual

cages, exposed to 12h light/dark cycles at 21–23°C, and allowed ad lib access to standard rat

chow (composition: carbohydrate 63.9%, fat 4.5% and protein 14.5%). Animal care and use

were approved by the Animal Research Committee of the University of California, Los

Angeles.

Animal Model of Early Life Nutrient Restriction

Pregnant rats received 50% of their daily food intake (11g/day) beginning from day 11

through day 21 of gestation, which constitutes mid- to late gestation, compared to their

control counterparts that fed ad libitum and consumed 20g/day of rat chow. Both groups had

free access to drinking water. At birth, the litter size was culled to six to ensure no inter-litter

postnatal nutritional variability. Cross-fostering of pups generated four experimental groups

as previously described by us (Garg et al., 2006; Shin et al., 2012). Pups born to ad lib

feeding control mothers were reared by either mothers on nutrient restriction from PN1 to

PN21 (PNGR) or by control mothers (CON). During the suckling phase, the progeny born to

nutrient restricted mothers was reared by either control mothers (IUGR) or by nutrient

restricted mothers (IPGR). After weaning from mothers, all groups received ad lib access to

rat chow and water and were raised until 15 to 17 months of life. Examinations were

undertaken at various ages ranging from postnatal (PN) 21, PN25, PN26, PN28, PN35–40,

PN50 and PN60 for studies in the young and at 15–17 months for studies during aging.

Cerebrospinal fluid (CSF), plasma and brain collections

Rats were anesthetized at PN21 and PN50 with intraperitoneal injection of sodium

pentobarbital (50 mg/kg) (Shin et al., 2012). CSF was collected from the cisterna magna

compartment as previously described (Pegg et al., 2010). Briefly, the tissue above the

cisterna magna was retracted to expose the translucent meninges overlying the cisterna

magna. The surrounding area was gently cleaned with cotton swabs to remove any residual

blood. A small 25g needle was used to penetrate the meningeal membranes covering the

cisterna magna and 5–10 µL of CSF collected. Blood was subsequently collected from the

common carotid artery and the plasma was separated by centrifugation and stored at −80°C.

Brains were collected at PN21, PN50–60 and 15–17 months of age and immediately snap-

frozen in liquid nitrogen and powdered on dry ice. All samples were stored at −80°C until

further analysis.
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Glucose, Lactate, and total ketone measurement

Glucose, lactate, and total ketone concentrations were respectively measured by Liquid

Glucose Measurement Set (Pointe Scientific, Lincoln Park, MI), Lactate Assay Kit

(BioVision, Mountain View, CA), and Autokit Total Ketone Bodies (Wako, Osaka, Japan)

following instructions according to manufacturers’ protocols.

Plasma Insulin and IGF-I Assays

Plasma Insulin and IGF-I were quantified by enzyme-linked immunoabsorbent assays using

anti-rat insulin antibody (sensitivity: insulin = 0.2 ng/ml; Linco Research, St. Charles, MO)

or using anti-IGF-I antibody (sensitivity: mouse/rat IGF-I=3.5 pg/ml; R&D Systems,

Minneapolis, MN), respectively.

Brain Amyloid-β Assay

Powdered brain was homogenized in 10 volumes of Tris/sucrose buffer (250 mM sucrose,

20 mM Tris, 1 mM EDTA, and 1 mM EGTA, pH 7.4) containing protease inhibitors.

Subsequently, protein extracts were prepared by 1:1 dilution of the initial homogenate with

ice-cold 0.4% diethylamine (DEA) in 100 mM NaCl, centrifuged at 100,000g at 4°C for 1

hour, and neutralized by adding 0.5 M Tris-HCl, pH 6.8. Concentrations of Aβ40 and Aβ42

in protein extracts were quantified by ELISA using Human/Rat β Amyloid (40) ELISA kit

Wako II (sensitivity; 0.049 pmol/L, Wako, Osaka, Japan) and Human/Rat β Amyloid (42)

ELISA kit Wako High-Sensitive (sensitivity; 0.024 pmol/L, Wako, Osaka, Japan),

respectively.

Antibodies

Rabbit anti-serotonin transporter and rabbit anti-brain derived neurotrophic factor (BDNF)

were purchased from Millipore (Temecula, CA). Rabbit anti-IRS1, anti-IRS2, anti-Akt, anti-

phosphorylated (p) Akt (Ser473), anti-PDK1, anti-pPDK1 (Ser241), anti-GSK-3β, anti-

pGSK-3β (Ser9), anti-mTOR, and anti-pmTOR (Ser2448) were from Cell Signaling

Technology (Danvers, MA). Mouse anti-Tau (Tau-5) and rabbit anti-pTau (Ser396) were

purchased from Invitrogen (Camarillo, CA). Synaptophysin and spinophilin antibodies were

obtained from Millipore (Temecula, CA). MAP2-kinase, myelin basic protein and glial

fibrillary acidic protein (GFAP) antibodies were purchased from Neuromics (Edina, MN).

Glut1, Glut3, and Glut4 antibodies were from sources as previously described (Shin et al.,

2004), Mouse anti-vinculin and anti-beta actin antibodies were from Sigma Chemical Co.

(St. Louis, MO).

Western blot analysis

Powdered brain was homogenized and sonicated either in cell lysis buffer (Cell Signaling

Technology) or in PBS containing protease inhibitors (20 µg/ml pepstatin A, 20 µg/ml

leupeptin, 30 µg/ml aprotinin, and 2 mM PMSF), 1% Nonidet P-40, and 5 mM EDTA as

previously described (Shin et al., 2012). The resulting suspension was centrifuged at

10,000g at 4°C for 10 min, and the supernatant was subjected to Western blot analysis as

previously described (Oak et al., 2006). Briefly, samples were solubulized in lysis buffer,

separated on SDS-PAGE and transferred to a nitrocellulose membrane by electroblotting.
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The membrane was then blocked in 5% nonfat dry milk in phosphate-buffered saline

containing 0.1% Tween-20 (PBST) for 1 hour and incubated with specific primary antibody

[1:1000 dilution for serotonin transporter, BDNF, IRS1, IRS2, Glut1, Glut3, Glut4, Akt,

pAkt (Ser473), PDK1, pPDK1 (Ser241), GSK-3β, pGSK-3β (Ser9), mTOR, and pmTOR

(Ser2448); 1:2000 dilution for Tau and pTau (Ser396); 1:10,000 for vinculin] overnight at

4°C. In the case of antibodies against cell-specific markers, 1:15,000 for synaptophysin,

1:1000 for spinophilin, 1:15,000 for MAP2-kinase, 1:20,000 for myelin basic protein and

1:60,000 for GFAP with either vinculin at 1:10,000 or beta-actin at 1:2,500 dilution as

internal controls were employed over 1hr at room temperature. The membrane was washed

with PBST and subsequently incubated with the appropriate secondary horseradish

peroxidase-conjugated antibody at an optimal dilution for 1hr at room temperature. After

washing the membrane with PBST, protein bands were visualized using ECL plus kit (GE

Healthcare, Buckinghamshire, UK) and Typhoon Scanner (GE Healthcare). The

quantification of protein bands was performed by densitometry using Image Quant software

(GE Healthcare). The optical density was corrected for inter-lane loading variability using

an internal control, vinculin (beta-actin in the case of cell-specific markers), and expressed

as a percent of CON.

Behavior studies

Animals were housed in groups of three in plastic cages and kept in a room on a 12-h light/

dark schedule at 23°C, 60% humidity, with food and tap water available ad libitum. On the

day of behavior testing, the rats were brought to the behavior room at least an hour before

testing time and left undisturbed in a quiet setting. After each behavior test, the apparatus

was cleaned with 70% ethanol, wiped with hand towels and allowed to air dry in between

animal testing. At first open-field test was conducted following a rest period of 1 h, the same

animals were tested in light-dark exploration test the same day.

A. Open field test: Open field, locomotor activity and exploratory behavior were

measured in the open field test on day two (PN25) after acclimation. The rats were

placed in the center of the square Plexiglas enclosure and were left free to explore

the arena for 20 min. Activity was quantified using a computer-operated Topscan

system (Cleversys, Inc, Reston, Virginia). The program tabulated total distance

traveled, ratio of center distance traveled to total distance traveled and percentage

of time spent in center.

B. Elevated plus maze, anxiety behavior was tested on the elevated plus maze on

PN26. The elevated plus maze, described in detail elsewhere (Langley-Evans,

2007), consisted of two open arms (50 cm × 10 cm) crossed at right angles with

two opposed arms of the same size. Two of the opposed arms were enclosed by

wooden walls 40 cm high, except for the central part where the arms crossed. The

whole apparatus was elevated 50 cm above the floor. Rats were placed in the

central area facing an open arm on the maze, and their behavior was video recorded

for 5 min as they explored the maze. Video recordings were scored for time spent

by each rat in each segment of the maze (open arms, closed arms and center). An

arm entry was defined as a rat’s head and both forepaws occupying the arm.
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C. Sociability test: The sociability test was adapted from Crawley et al. An apparatus

(length, width and height) was split into three chambers; the two side chambers

each contained one empty perforated plastic container (7 × 7 × 16 cm). First, test

animals (PN27 to PN28) were placed into the center chamber and allowed to

acclimate to all three chambers for 10 min. After habituation, a stimulus animal (an

age- and sex- matched novel rat) was placed into one of the perforated plastic

containers (social chamber), whereas the other container remained empty (non-

social chamber). The test animal was returned to the apparatus for 10 min. Active

exploration (approach, sniffing, rearing) of the conspecific and the empty container

by the test rat was recorded and scored offline.

D. Morris water maze: Morris water maze (PN30–35) was performed to assess spatial

learning. The water maze consists of a white circular tank with a diameter of 1

meter. The water was made opaque with white tempura paint and maintained at

24°C. The pool was arbitrarily divided into four quadrants. A circular transparent

escape platform of 12 cm diameter was submerged 1.5 cm below the surface of the

water in the pool quadrant (the target quadrant). The position of the platform was

kept constant throughout acquisition period. During training trials, the rat was

placed into the pool at a randomly chosen starting location, in one of the three

quadrants that did not contain the hidden platform. Each training trial lasted 1 min,

or until the rat remained on the platform for 1 s. Rats that did not find the platform

during the trial were placed on the platform for 5 s post-trial. A single probe trial

was given after completion of the training, in which the platform was removed.

Visible platform training was given after the hidden version of the Morris water

maze had been completed. Tracking information was processed by the HVS Water

maze software package (HVS Image, Buckingham, UK). Primary measures of

interest were escape latency in training trials and quadrant occupancy and

proximity to target in probe trials.

Data Analysis

Data are expressed as mean±standard error of the mean. The analysis of variance models

were used to compare various treatment groups and the F-values obtained. Inter-group

differences were determined by the Fisher’s PLSD (one way) or Turkey’s (2-way or 3-way)

tests when ANOVA revealed significance. When only two experimental groups were

compared, the Student’s unpaired t-test was used. Significance was assigned when the p

value was < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights for Review

• Early nutrient restriction reduces CSF glucose and lactate but increases ketones.

• These metabolic changes increase brain glucose transporters and BDNF during

the young adult stage.

• Females are hyperactive and both males and females demonstrate anxiety.

• During aging, the females demonstrate features characteristic of Alzheimer’s

disease.
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Figure 1. Scheme of the Study Design
Study design demonstrating the four experimental groups obtained by cross-fostering

postnatal rat pups. Nutrient restricted mothers received 50% of daily food intake from mid-

to late pregnancy [embryonic day (E) 11 to E21] through lactation [postnatal day (P) 1 to

P21].

Tomi et al. Page 21

Brain Res. Author manuscript; available in PMC 2014 September 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. Brain BDNF, serotonin and glucose transporters
Effect of early nutrient restriction on brain derived neurotrophic factor (BDNF) (A),

serotonin transporter (B), glucose transporters (C, female only) protein concentrations

derived from the male and female postnatal day 60 cerebral cortical region. The order of

lanes is CON, IUGR, PNGR and IPGR in (A) and (B) with *p<0.02 versus CON, †p<0.02

versus IUGR by one-way ANOVA and Fisher’s PLSD and #p<0.01 versus CON, ‡p<0.05

versus IUGR by unpaired t-test. The order of lanes is CON, IUGR, IPGR and PNGR in (C)

alone with *p<0.05 versus CON and †p<0.003 versus IUGR by one-way ANOVA and

Fisher’s PLSD. N=6 in each group per protein examined.
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Figure 3. Neurobehavioral testing of Activity and Anxiety
Effect of early nutrient restriction on activity and anxiety-like behavior in an open field test.

A: Two-way ANOVA revealed significant effects of early nutrient restriction (F=2.873,

P=0.043) and gender difference (F=66.166, P<0.001). Tukey’s post hoc analysis

demonstrated that female rats had a significantly increased activity level than their

corresponding male counterparts (*P<0.01, male vs. female in control or IUGR; †P<0.001,

male vs. female in PNGR or IPGR). While no statistical difference was noted between the

male groups, the PNGR female traveled more distance than the sex-matched CON

(*P<0.05). B: Two-way ANOVA demonstrated no significant effect of nutrient restriction

(F=2.207, P=0.096) but a significant gender effect (F=16.723, P<0.001). Tukey’s post hoc

analysis revealed that female rats overall had a significantly increased number of line

crossings between center and periphery than their corresponding male counterparts

(*P<0.01, female vs. male in CON or PNGR; †P<0.05, female vs. male in IPGR). In male,

IPGR displayed a reduced number of line crossings between center and periphery when

compared to IUGR (#P<0.05). C: Time spent in the center zone did not show any significant

difference between the various nutrient treatment groups (Two-way ANOVA, F=1.066,
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P=0.37). D: Female rats displayed increased exploration of the center in the open field test,

expressed as the ratio of center to total distance traveled, compared to male rats (Two-way

ANOVA, F=5.395, P=0.023). However, no significant difference was noted between

different nutrient treatment groups (Two-way ANOVA, F=1.738, P=0.168). E: Effect of

early nutrient restriction on anxiety-like behavior in elevated plus maze test. Two-way

ANOVA showed a significant effect of early nutrient restriction (F=3.069, P=0.034).

Tukey’s post hoc analysis demonstrated that in male, PNGR and IPGR tended to spend less

time in the open arm when compared with control (†p<0.03), in female, IPGR had a

tendency to spend less time in the open arm (*p<0.05 vs male). F: Effect of early nutrient

restriction on social behavior in sociability test. All animals spent more time actively

exploring the cage containing the conspecific rat than the empty cage (Three-way ANOVA,

F=98.018, P<0.001; Tukey’s post hoc analysis, #P<0.001, conspecific vs. empty cage in

CON, IUGR, PNGR and IPGR). However, neither early nutrient restriction group (Three-

way ANOVA, F=.0.947, P=0.422) nor sex-specific effects (Three-way ANOVA, F=0.233,

P=0.631) were noted in sociability testing.
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Figure 4. Neurobehavioral testing of Spatial learning and memory
Effects of early nutrient restriction on escape latency in the Morris Water Maze test. A:

Two-way repeated-measures ANOVA analysis demonstrated that a nonsignificant trend

toward higher escape latencies was observed in IPGR male (A) group (F=2.74, P=0.07

between different nutrient restriction treatments). No early nutrient restriction effect was

observed in females (B) (Two-way repeated-measures ANOVA, F=0.446, P=0.723 between

different nutrient restriction treatments). Data from four training sessions were averaged and

are shown as one block session. C: T=target, O=opposite, R=right and L=left quadrants.

Three-way ANOVA revealed a significant effect of early nutrient restriction (nutrient

restriction × quadrant interaction: F=2.367, P=0.015) but no gender effect (sex × quadrant

interaction: F=1.162, P=0.326) in quadrant occupancy scores. D: T=target, O=opposite,

R=right and L=left quadrants. Three-way ANOVA demonstrated no significant effect of

early nutrient restriction (nutrient restriction × quadrant interaction: F=1.672, P=0.1) and no

gender effect (sex × quadrant interaction: F=1.448, P=0.231) in proximity to the target

location. One-way ANOVA analysis demonstrated that early nutrient restriction had no

effect on either speed (E) (Male, n=6, P=0.522; Female, n=6, P=0.687) or path length (F)

(Male, n=6, P=0.517; Female, n=6, P=0.678).
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Figure 5.
Aging Brain Insulin Signaling, Amyloid-β and Cell-specific Marker Proteins. In 15–17

month old female rats, plasma concentrations of insulin (INS) and insulin-like growth factor

1 (IGF-I) (A), brain insulin signaling proteins, IRS1 & IRS2 proteins (B), total Akt and pAkt

proteins (C), total GSK-3β and pGSK-3β proteins (D), amyloid-β40 (E), amyloid-β42 (F)

and Cell-specific markers (MAP-2 kinase, synaptophysin, spinophilin, myelin basic protein

[MBP] and GFAP) (G) are shown. n=5–6 per group per protein. Vinculin or beta-actin

served as the internal control. Representative Western blots are shown on top (B–D,G), and

the corresponding densitometric quantification analyses of protein bands are shown as % of

control (CON) at the bottom. *P<0.05 vs. CON by one-way ANOVA and Fisher’s PLSD.

†P<0.05 vs. CON by Student’s unpaired t-test.
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Table 1

Phenotype changes in PN21

A male CON IUGR PNGR IPGR

Body weight (g) 65.7 ± 1.7 64.3 ± 1.0 22.8 ± 0.7*** 23.5 ± 0.7***

Plasma glucose (mM) 12.3 ± 1.3 9.60 ± 0.61* 7.61 ± 0.70** 7.82 ± 0.69**

CSF glucose (mM) 3.55 ± 0.28 3.25 ± 0.23 2.30 ± 0.15** 3.11 ± 0.25

Plasma lactate (mM) 2.47 ± 0.06 2.24 ± 0.33 2.73 ± 0.29 2.23 ± 0.27

CSF lactate (mM) 1.22 ± 0.05 1.10 ± 0.10 1.65 ± 0.23 1.34 ± 0.12

Plasma ketones (µM) 526 ± 46 658 ± 101 899 ± 64** 934 ± 60**

CSF ketones (µM) 182 ± 24 261 ± 57 615 ± 37* 506 ± 12*

B female CON IUGR PNGR IPGR

Body weight (g) 56.0 ± 0.9 59.8 ± 1.7* 22.7 ± 0.6*** 22.3 ± 0.6***

Plasma glucose (mM) 11.4 ± 0.31 8.65 ± 0.19*** 6.65 ± 0.21*** 5.36 ± 0.19***

CSF glucose (mM) 3.84 ± 0.14 3.50 ± 0.13 2.81 ± 0.21*** 2.84 ± 0.12***

Plasma lactate (mM) 0.762 ± 0.077 0.843 ± 0.051 0.783 ± 0.111 0.723 ± 0.080

CSF lactate (mM) 0.618 ± 0.067 0.698 ± 0.038 0.614 ± 0.126 0.624 ± 0.086

Plasma ketones (µM) 457 ± 80 544 ± 86 669 ± 56 560 ± 50

CSF ketones (µM) 191 ± 27 227 ± 36 514 ± 60*** 485 ± 20***

Data are shown as means ± SE (n=5–6).

*
P<0.05;

**
P<0.01;

***
P<0.001 vs. CON by one-way ANOVA.
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Table 2

Phenotype changes in PN50

A male CON IUGR PNGR IPGR

Body weight (g) 276 ± 5 254 ± 5** 184 ± 1*** 198 ± 4***

Plasma glucose (mM) 8.72 ± 0.32 7.74 ± 0.25 5.85 ± 0.23*** 5.32 ± 0.64***

CSF glucose (mM) 3.29 ± 0.20 2.85 ± 0.13 2.15 ± 0.11*** 2.04 ± 0.24***

Plasma lactate (mM) 1.16 ± 0.08 1.08 ± 0.07 0.906 ± 0.054* 0.947 ± 0.056

CSF lactate (mM) 1.23 ± 0.04 1.17 ± 0.06 1.05 ± 0.03** 1.15 ± 0.03

Plasma ketones (µM) 460 ± 69 381 ± 66 396 ± 41 302 ± 65

CSF ketones (µM) 271 ± 10 271 ± 6 433 ± 29* 413 ± 59

B female CON IUGR PNGR IPGR

Body weight (g) 168 ± 6 189 ± 5* 153 ± 3** 148 ± 4**

Plasma glucose (mM) 9.27 ± 0.59 8.90 ± 0.53 7.31 ± 0.94 9.74 ± 1.23

CSF glucose (mM) 2.75 ± 0.37 2.33 ± 0.11 2.92 ± 0.41 3.55 ± 0.47

Plasma lactate (mM) 1.97 ± 0.22 1.81 ± 0.17 1.26 ± 0.14** 1.39 ± 0.17

CSF lactate (mM) 1.54 ± 0.06 1.52 ± 0.07 1.35 ± 0.07 1.23 ± 0.03*

Plasma ketones (µM) 688 ± 38 766 ± 45 647 ± 75 456 ± 134

CSF ketones (µM) 149 ± 28 180 ± 17 124 ± 18 91.1 ± 32.9

Data are shown as means ± SE (n=5–6).

*
P<0.05;

**
P<0.01;

***
P<0.001 vs. CON by one-way ANOVA.
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