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31Impairment of learning and memory has been documented in the later life of offspring to maternal con-
32sumption with high energy diet. Environmental stimulation enhances the ability of learning and memory.
33However, potential effects of environmental stimulation on the programming-associated deficit of learn-
34ing and memory have not been addressed. Here, we examined the effects of enriched-housing on hip-
35pocampal learning and memory in adult female offspring rats from mother fed with 60% high fructose
36diet (HFD) during pregnancy and lactation. Impairment of spatial learning and memory performance
37in HFD group was observed in offspring at 3-month-old. Hippocampal brain-derived neurotrophic factor
38(BDNF) was decreased in the offspring. Moreover, the HFD group showed an up-regulation of histone
39deacetylase 4 (HDAC4) in the nuclear fractions of hippocampal neurons. Stimulation to the offspring
40for 4 weeks after winning with an enriched-housing environment effectively rescued the decrease in cog-
41nitive function and hippocampal BDNF level; alongside a reversal of the increased distribution of nuclear
42HDAC4. Together these results suggest that later life environmental stimulation effectively rescues the
43impairment of hippocampal learning and memory in female offspring to maternal HFD intake through
44redistributing nuclear HDAC4 to increase BDNF expression.
45� 2016 Published by Elsevier Inc.
46

47

48

49 1. Introduction

50 Maternal food intake, during fetal and early postnatal develop-
51 ment, determines disease manifests in later life of the offspring
52 (Lillycrop, 2011; Yokomizo et al., 2014), including cardiovascular
53 diseases (Barker, Osmond, Golding, Kuh, & Wadsworth, 1989),
54 hypertension (MohanKumar et al., 2007), obesity (Swanson,
55 Entringer, Buss, & Wadhwa, 2009), metabolic disorders (Li,
56 Sloboda, & Vickers, 2011; Vickers, 2014) and neurological diseases
57 (Krakowiak et al., 2012; Sandman, Davis, Buss, & Glynn, 2011).
58 Growing evidence indicates that the decline in cognitive
59 performance in offspring correlates to maternal nutrition intake
60 (Hoeijmakers, Lucassen, & Korosi, 2014; Page, Jones, & Anday,

612014; Tozuka et al., 2010; Wu et al., 2013). Heavy consuming diet-
62ary fructose, a common sweetener in desserts and beverage, result-
63ing in cognition decline in adulthood has been reported in both
64clinical and animal studies (Agrawal & Gomez-Pinilla, 2012; Ross,
65Bartness, Mielke, & Parent, 2009; Stephan, Wells, Brayne,
66Albanese, & Siervo, 2010; Stranahan et al., 2008). These data iden-
67tify the hippocampus as a brain area vulnerable to high dietary
68fructose ingestion. However, whether the detrimental effect of
69heavy fructose consuming during gestation and lactation be trans-
70ferred to offspring and impairs the hippocampal learning and
71memory in later life of offspring is still unknown.
72Histone acetylation of brain-derive neurotrophic factor (BDNF)
73promoter in hippocampus plays a critical role in BDNF expression
74and capability of learning and memory (Bousiges et al., 2013;
75Bredy et al., 2007; Intlekofer et al., 2013; Korzus, Rosenfeld, &
76Mayford, 2004; Levenson et al., 2004; Sharma, Taliyan, &
77Ramagiri, 2015). Epigenetic regulation has been proposed in the
78developmental programming of the health and diseases to
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79 maternal food intake (Lillycrop, 2011; Lillycrop & Burdge, 2015;
80 Lupu, Tint, & Niculescu, 2012; Wadhwa, Buss, Entringer, &
81 Swanson, 2009). Previous studies suggest that epigenetic modula-
82 tion is involved in maternal diet-associated changes in hippocam-
83 pal structure and function of offspring (Lucassen et al., 2013). As
84 one of the major regulators in epigenetic mechanisms, histone
85 deacetylase (HDAC) is a family of enzymes that remove acetyl
86 groups (O = C–CH3) from a e-N-acetyl lysine amino acid on a his-
87 tone, allowing the histones to wrap the DNA more tightly, prevent-
88 ing gene transcription. Treatment with HDAC inhibitors, such as
89 trichostatin A or sodium butyrate, enhances hippocampal cognitive
90 functions (Levenson et al., 2004). Currently, there are at least five
91 classes of HDACs identified (Dokmanovic, Clarke, & Marks, 2007).
92 Class IIa HDAC includes HDAC4, HDAC5, HDAC7 and HDAC9
93 (Lombardi, Cole, Dowling, & Christianson, 2011); among them
94 HDAC4, 5 and 7 have been identified in the brain (Sando et al.,
95 2012). HDAC7 is abundant in embryonic stage in forebrain while
96 HDAC4 and 5 express throughout the later life (Sando et al.,
97 2012). Class IIa HDAC has been reported to suppress BDNF
98 expression in the cortical neurons (Koppel & Timmusk, 2013),
99 and HDAC4 and 5 have been documented to regulate the cognitive

100 functions (Fitzsimons, 2015; Kim et al., 2012; Sando et al., 2012;
101 Wang et al., 2011). However, whether the increase in HDAC4 or
102 HDAC5 is involved in epigenetic regulation of hippocampal BDNF
103 transcription and its association to deficit of cognitive functions
104 in offspring to maternal HFD has yet to be identified.
105 Environmental stimulation modulates neuronal circuitry for
106 sensory, motor and cognitive functions. Results of animal studies
107 suggest that these beneficial effects on hippocampal functions
108 are correlated to enhancement of neuronal structure, including
109 neurogenesis, synapse formation, and dendritic branching
110 (Karelina et al., 2012; van Praag, Christie, Sejnowski, & Gage,
111 1999; Volkmar & Greenough, 1972). These beneficial effects
112 following environment stimulation correlate positively to the
113 enhancement of hippocampal learning and memory (Lee, Hsu,
114 Ma, Lee, & Chao, 2003; Rampon et al., 2000; Tang, Wang, Feng,
115 Kyin, & Tsien, 2001). Recently, environmental stimulation has been
116 demonstrated to facilitate hippocampal learning and memory by
117 the increase in BDNF (Novkovic, Mittmann, & Manahan-Vaughan,
118 2015). Moreover, environmental enrichment associated with
119 increased histone acetylation has been proposed (Fischer,
120 Sananbenesi, Wang, Dobbin, & Tsai, 2007). Whether the
121 HDAC-associated developmental programming is rewritable by
122 environmental stimulation in later life, however, is still unknown.
123 While growing evidence showing the influence of maternal high
124 energy diet during gestation and lactation on the cognitive
125 function in male offspring (Giriko et al., 2013; Page et al., 2014;
126 Tozuka et al., 2010), less attention has been focus on the female
127 offspring. Therefore, in the present study we examined whether
128 maternal HFD during pregnancy and lactation would affect
129 hippocampal learning and memory in adult female offspring, and
130 the involvement of class IIa HDAC and hippocampal BDNF in the
131 behavioral changes. Moreover, we also investigate whether envi-
132 ronmental stimulation could ameliorate these molecular changes
133 and function impairment evoked by maternal HFD during progeny
134 and lactation.

135 2. Materials and methods

136 2.1. Animals

137 Virgin female and male Sprague-Dawley (SD) rats at 7-week old
138 were purchased from the BioLASCO Taiwan Co., Ltd., Taipei,
139 Taiwan. Animals were allowed to acclimatize in a temperature –
140 (22 ± 1 �C), humidity – (55 ± 5%) and light – (12:12 light-dark cycle,
141 light on from 07:00) controlled room in an AAALAC certified ani-

142mal facility for at least 14 days before the experiments. All exper-
143iments were carried out in accordance to the guidelines for animal
144experimentation endorsed by our institutional animal care and use
145committee. Male SD rats were housed with individual females
146until mating was confirmed by observation of vaginal plug. Preg-
147nant female rats received regular chow (ND; 5001, 3.35 kcal/g;
148Purina, USA) or high fructose diet (HFD; TD. 89247, 60% fructose;
1493.6 kcal/g; Harlan Laboratories, USA) during the whole period of
150pregnancy and lactation. Both food and water were provided ad li-
151bitum. After weaning, all female offspring received regular chow.

1522.2. Enriched housing

153At the age of 8 weeks old, female offspring (body weight: 210–
154240 g) were randomly assigned to the following groups: ND in
155standard cage (ND, n = 43), ND in environmental enriched cage
156(ND+EN, n = 37), HFD (n = 40), and HFD+EN (n = 36) for 4 weeks.
157In both ND and HFD groups, three rats were kept in a
15810.5 � 19 � 18 inch standard cage; while for ND+EN and HFD+EN
159groups, three rats were kept in a standard cage equipped with plas-
160tic toys and nesting material. To maintain novelty, the plastic toys
161and nesting material were replaced with a clean cage every week.
162Food and water were provided ad libitum during the entire EN con-
163dition. Fig. 1 illustrates experimental design of the study.

1642.3. Spatial learning task via Morris water maze

165The Morris water maze (MWM) was performed in a custom-
166made circular pool with a diameter of 1.8 m and a wall height of
16750 cm filled with clear tap water at a temperature of 25 ± 2 �C
168and depth of 25 cm. The escape platformmade of transparent Plex-
169iglas (10 cm � 10 cm � 24 cm) was submerged 1 cm below the
170surface of the water (Huang et al., 2002). The circular pool was
171divided into four quadrants, and during all trials of spatial naviga-
172tion, the location of the hidden platform was kept constant in a
173specific quadrant. Animals were given a single-session training
174(09:00–12:00) per day for 4 days. Each session included four swim
175trials (120 s per trial) with each trial started from a different quad-
176rant. The 4-day training was followed by a probe test 1 day after
177the last training session. During the probe test, animals were
178placed in the pool in the longest distance from the previous plat-
179form position, and the rats were allowed to swim for 120 s without
180platform present. The entire process was recorded by a charge-
181coupled device camera and the time in target (sec), time in target
182quadrant (sec), target cross (times), target quadrant cross (times)
183and moving counts were analyzed by EthoVision video tracking
184system (Noldus Information Technology, Wageningen, Nether-
185lands) (Wu et al., 2007).

1862.4. Fasting plasma glucose assay, HOMA-IR score, and oral glucose
187tolerance test

188Major metabolic traits were evaluated for confirmation of meta-
189bolic syndrome. The levels of fasting blood glucose (FBG) and the
190Homeostasis Model Assessment – insulin resistance (HOMA-IR)
191score were monitored in the offspring at the age of 3 months to
192mothers received ND or HFD. The offspring was fasting for at least
19315 h for the tests. Blood samples were collected from a punch at
194the tip of the tail and glucose levels were analyzed using the glu-
195cose oxidase method (Roche, Basel, Switzerland). The collected
196blood samples were centrifuged at 1000g for 15 min to separate
197the plasma for insulin detection. The HOMA-IR score was calcu-
198lated by free software (provided by University of Oxford, UK) with
199the following formula: fasting serum insulin (lU/L) � fasting
200plasma glucose (mmol/L)/22.5. HOMA-IR score values 2.6 were
201considered as a cut-off point for IR (Ascaso et al., 2003).
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