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Abstract

Hunger evokes foraging. This innate response can be quantified as voluntary wheel running
following food restriction (FR). Paradoxically, imposing severe FR evokes voluntary FR, as some
animals choose to run rather than eat, even during limited periods of food availability. This
phenomenon, called activity-based anorexia (ABA), has been used to identify brain changes
associated with FR and excessive exercise (EX), two core symptoms of anorexia nervosa (AN),
and to explore neurobiological bases of AN vulnerability. Previously, we showed a strong positive
correlation between suppression of FR-evoked hyperactivity, i.e., ABA resilience, and levels of
extra-synaptic GABA receptors in stratum radiatum (SR) of hippocampal CAL. Here, we tested for
the converse: whether animals with enhanced expression of NMDA receptors (NMDARS) exhibit
greater levels of FR-evoked hyperactivity, i.e., ABA vulnerability. Four groups of animals were
assessed for NMDAR levels at CA1 spines: (1) ABA, in which 4 days of FR was combined with
wheel access to allow voluntary EX; (2) FR only; (3) EX only; and (4) control (CON) that
experienced neither EX nor FR. Electron microscopy revealed that synaptic NR2A-NMDARs and
NR2B-NMDARs levels are significantly elevated, relative to CONSs'. Individuals' ABA severity,
based on weight loss, correlated with synaptic NR2B-NMDAR levels. ABA resilience, quantified
as suppression of hyperactivity, correlated strongly with reserve pools of NR2A-NMDARs in
spine cytoplasm. NR2A- and NR2B-NMDAR measurements correlated with spinous prevalence of
an F-actin binding protein, drebrin, suggesting that drebrin enables insertion of NR2B-NMDAR to
and retention of NR2A-NMDARs away from synaptic membranes, together influencing ABA
vulnerability.
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Introduction

Although much of neocortical development reaches completion during the juvenile stage
(Hensch and Fagiolini 2005; Aoki and Erisir 2014), development of the hippocampus
continues into late adolescence. In the dorsal hippocampus of rats, for example, clearly,
definable place cells only emerge towards the end of adolescence, around postnatal day (P)
50 (Martin and Berthoz 2002). Unsurprisingly, for a brain region still developing, the
experience of food restriction and exercise during adolescence strongly alters the complexity
of dendritic arbors of CA1 pyramidal neurons (Chowdhury et al. 20144, c; Aoki and Erisir
2014). In this study, we examined whether this experience also influences the expression and
localization of NMDA receptors (NMDARS) at axo-spinous synaptic junctions of CA1
pyramidal neurons.

We chose food restriction and wheel access as environmental factors to study experience-
dependent plasticity because of our desire to understand the neurobiological basis of
anorexia nervosa (AN) using an animal model. When these two environmental factors are
applied simultaneously, a rat's voluntary wheel running increases dramatically (Aoki et al.
2016). This food-restriction-evoked hyperactivity, termed activity-based anorexia (ABA),
has been used as an animal model for AN (Guisinger 2003; Casper et al. 2008; Gutierrez
2013). AN is the mental illness with the highest mortality rate, estimated to be 200 times
higher than the rate of suicide in the general US population (Arcelus et al. 2011; Sullivan
1995). Twin studies indicate that genetic heritability accounts for 50-70% of this condition,
with the rate of occurrence being ninefold higher among women than men (Bulik et al.
2010; Klump et al. 2001; Wade et al. 2000). However, the recent genome-wide association
studies (GWASSs) of AN have not yet identified genes of interest (Boraska et al. 2014).
Despite high rates of relapse (~25%) (Hudson et al. 2007; Steinhausen 2002), AN is without
accepted pharmacological treatments. This reflects paucity of knowledge regarding its
etiology.

ABA is induced readily in wild-type rodents by imposing food restriction in combination
with access to a running wheel (Aoki et al. 2014; Wable et al. 2015b). This is an important
behavior shared among individuals with AN (Davis et al. 1997), with some studies
indicating that all patients exhibit hyperactivity/over-exercise during the course of the illness
and/or prior to diagnosis (Kron et al. 1978). Besides hyperactivity, a number of behavioral
phenotypes emerge that also resemble the core symptoms of AN: (1) voluntary food
restriction, since food-restricted animals paradoxically choose to run on the wheel instead of
eating, even during limited periods of food availability (Chen et al. 2016); (2) elevated
anxiety, which correlate with rodents' extent of wheel running (Wable et al. 2015b; Kaye et
al. 2004); (3) weight loss (Aoki et al. 2012, 2014); and (4) elevated mortality, which is
prevented by removing animals from the ABA-inducing environment before weight loss
exceeds 25%. These behaviors become evident within 24 h of food restriction.

While capturing the above symptoms of AN, ABA also reveals individual differences in
vulnerability, quantified as the extent of food-restriction-evoked hyperactivity and weight
loss (Aoki et al. 2014; Chen et al. 2016; Chowdhury et al. 2013; Wable et al. 2015a, b;
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Nedelescu et al. 2016). Since excitability of the hippocampus is strongly linked to stress-
induced anxiety (Shen et al. 2007), and the extent of food-restriction-evoked anxiety is
correlated with wheel running (Wable et al. 2015b), we hypothesized that individual
differences in wheel running might be influenced by the excitability of hippocampal
neurons. Therefore, in this study, we determined whether ABA induction evokes changes in
the level of NMDARSs at axo-spinous excitatory synaptic junctions of CA1 pyramidal
neurons in ways that correlate with ABA vulnerability. We used electron microscopic
immunocytochemistry (EM-ICC) (Aoki et al. 2009a, b) to characterize the level and location
of two NMDAR subunits, the NR2A and the NR2B, within dendritic spines of the CAl
pyramidal neurons in stratum radiatum, where dendritic remodeling during adolescence is
robust and responsive to ABA induction (Chowdhury et al. 2014a, c). Given the known
distinctions in function that relate directly to the location of NMDARs (Barria and Malinow
2002; Greer and Greenberg 2008; Hardingham and Bading 2010; Petralia et al. 2010;
Thomas et al. 2006; Tovar and Westbrook 1999), we chose EM over Western blotting to
distinguish the location of immunoreactivity at postsynaptic membranes versus nonsynaptic
and extra-sy-naptic portions on spines, and also to differentiate NMDAR levels at excitatory
E-to-E synapses (which form on spines of pyramidal cells) from the E-to-I synapses (which
form on dendritic shafts of inhibitory interneurons).

This study also aimed to understand the molecular mechanism underlying experience-
dependent changes in NMDAR levels at the hippocampus. Drebrin is an F-actin binding
protein that is enriched in hippocampal spines and found selectively at excitatory synapses
(Aoki et al. 2005). Drebrin is reduced within the brains of patients diagnosed with mild
cognitive impairment and Alzheimer's disease [reviewed in (Aoki et al. 2007)]; it is also
required for the activity-dependent trafficking of NR2A-NMDARs into and out of dendritic
spines (Aoki et al. 2009a). We examined whether drebrin levels correlated with ABA-
induced changes in synaptic NMDAR levels. Indeed, our data indicate that they do. To our
knowledge, this is the first study indicating that drebrin is involved in the trafficking of both
the NR2A- and the NR2B-NMDARSs but in opposite directions, together modulating hunger-
evoked hyperactivity.

Materials and methods

Animals

All procedures involving live rats were in accordance with the Institutional Animal Care and
Use Committee of New York University (NYU) (Animal Welfare Assurance No. A3117-
01).

Thirty-two Sprague-Dawley female rats were used for the study and are the same as those
used for analysis of noradrenergic axon terminals in the cerebellum (Nedelescu et al. 2016)
and of a4p5-GABA(A) receptors in the hippocampus (Aoki et al., ms submitted). The
rearing conditions of these rats were identical to those described previously (Aoki et al.
2012; Chowdhury et al. 20144, c), except that they were housed at NYU, instead of at the
NY Psychiatric Institute. These rats were delivered to NYU as four cohorts of eight animals
at postnatal day (P) 28. Upon arrival, the animals were singly housed with ad libitum access
to food and water. Starting on P35 or P36 (Experimental Day 1, ED1), all animals were
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handled daily just before the onset of the dark period for body weight and food weight
measurements and assigned to one of the following four groups: control (CON), activity-
based anorexia (ABA), food-restricted (FR), or exercised (EX) (V= 8 per group). Each
group comprised two cohorts of four animals that were delivered together to NYU.

From EDL1 to the end of ED8, ABA and EX animals were housed in a new cage attached to a
running wheel (Model ENV-046, Med Associates, Inc., St. Albans, VT, USA) (Fig. 1a).
Wheel counts were measured continuously for eight days (i.e., up to the end of ED8), using
the RotoRat software of Med Associates, and manually once per day. One wheel count
equaled 0.64 m. CON and FR animals were given a fresh cage at the beginning of ED1, but
were not given access to a running wheel. On EDS5, food access for the ABA and the FR
groups became restricted to 1 h per day but unlimited in amount, at the beginning of the dark
cycle. CON and EX animals were never restricted of food access in amount or with respect
to the time of day. All animals were euthanized on ED8 by transcardial perfusion with
fixatives while anesthetized with urethane, as described below under the header, “Brain
Tissue Preparation” (Fig. 1a).

Information of antibodies used for immunocytochemistry

The primary antibodies directed against the NR2A and the NR2B subunits of NMDARS
were the same ones described previously (Aoki et al. 2009a, b). The antibody directed
against the NR2A subunit of the NMDA receptor was produced in rabbit and corresponds to
the amino acids 1265-1464 of the C-terminus of the rodent subunit. The antibody was
purchased from Millipore (Billerica, MA, Cat No. 07-632) and corresponds to the stock
originally supplied by Upstate Biotechnology (Lake Placid, NY, Cat. No. 07-632). The
specificity of this antibody has been demonstrated previously by Western blotting, which
shows that this antibody recognizes a single band corresponding to the molecular weight
~170 kD of the NR2A subunit and neither the NR2B nor the NR1 subunits of NMDAR
(Rinaldi et al. 2007). A previous study verified that the anti-NR2A antibody recognizes
HEK?293 cells transfected with NMDAR-NR2A cDNAs and not NMDAR-NR2B cDNAs
and that blocking experiments with immunogens generate loss of immunoreactivity (Adams
et al. 2004).

We also used a rabbit antibody to detect the NR2B subunit of the NMDAR. This antibody
identifies the NR2B subunit C-terminal amino acids 1437-1456
(KFNGSSNGHVYEKLSSIESDV). The anti-NMDAR2B antibody was also purchased from
Millipore (Billerica, MA, Cat No. 06-600) and corresponds to the stock originally supplied
by Upstate Biotechnology (Cat. No. 06-600). Specificity of this antibody has been
demonstrated by Western blotting, which shows that the antibody recognizes a single band
from rat brain microsomal preparation at ~180 kD, corresponding to the molecular weight of
NR2B. Moreover, this antibody does not recognize NR1 or NR2A subunits of the NMDAR
(Rinaldi et al. 2007). We previously conducted EM-ICC and determined that these
antibodies recognize asymmetric synapses but not symmetric synapses (Aoki et al. 2009b;
Fujisawa and Aoki 2003). This antibody has been used to characterize postnatal changes in
the level of NR2B-containing NMDARs at asymmetric synapses of the visual cortex. The
developmental profile is as described earlier by Western blots (Sheng et al. Nature 368, 144—

Brain Struct Funct. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 5

147), namely, there is a greater prevalence within younger forebrain tissue than in mature
tissue, thereby differing significantly from the developmental profile of NR2A
immunoreactivity (Corson et al. 2009). Additional electron microscopic immunocy-
tochemical studies have revealed that the NR2A and the NR2B antibodies yield distinct
subcellular distributions within single brain regions (Fujisawa and Aoki 2003; Aoki et al.
2003, 2009b), indicating that the two antibodies do not cross-react very strongly.

The secondary antibody used for the detection of NMDAR subunits was donkey anti-rabbit
1gG conjugated to 10 nm colloidal gold particles. This was purchased from Electron
Microscopic Sciences (Hatfield, PA, Cat. No. 25705).

We have previously described the specificity of the anti-drebrin antibody, M2F6 (Medical
and Biological Laboratories, Japan) (Aoki et al. 2005). This monoclonal antibody recognizes
both the E and A isoforms of drebrin. Upon genetic deletion of drebrin A, M2F6 recognizes
a single band by Western blot of mouse brain homogenates, corresponding to drebrin E
(Aoki et al. 2009a). This antibody was produced using the protein, drebrin, purified
electrophoretically from the soluble fraction of 11 day-old chick embryo brains as
immunogen.

Brain tissue preparation

All rats were sacrificed with transcardial perfusions and were prepared as described
previously (Aoki et al. 2012, 2014). Perfusions were performed between 4 h and 30 min
prior to the beginning of the animals' dark cycle. Animals were first anesthetized by
intraperitoneal injection with urethane (0.75 cc/100 g body weight, 34% w:v). They were
perfused with transcardial fixatives consisting of 4% paraformaldehyde buffered with 0.1 M
phosphate buffer (PB) (pH 7.4). Glutaraldehyde was not used until post-embed processing to
preserve the antigenicity of the brain tissue.

Brains were post-fixed in the same fixative after extraction for 9 h. They were then coronally
sectioned on a vibratome at a thickness of 40-60 pum. All tissue sections were then stored at
4 °C in saline (0.9% NaCl) buffered with 0.01 M PB and preserved with 0.05% sodium
azide(PBS-azide) to prevent bacterial growth. Sections containing the dorsal hippocampus
were separated into separate wells for further processing in preparation for post-embed gold
immunolabeling.

Immunocytochemistry

Glutaraldehyde, osmium tetroxide, paraformaldehyde, and EMBED-812 were purchased
from EMS. Bovine serum albumin (BSA) was purchased from Sigma Chemicals (St. Louis,
MO). Previously described procedures were followed for detecting NR2A and NR2B
subunits of NMDARs by the post-embed immunogold (PEG) procedure (Aoki et al. 2000,
2003, 200943, b; Fujisawa and Aoki 2003), including the use of the same antibodies (Cat.
Nos. 07-632 and 06-600 from Millipore, Billerica, MA for detecting NR2A and NR2B
subunits, respectively).

Two vibratome sections per animal, randomly picked from multiple vibratome sections,
were post-fixed with 2% glutaraldehyde in PBS for 10 min, then processed by the osmium-
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free procedure for electron microscopy (Phend et al. 1995), strictly in parallel, through the
steps for embedding vibratome sections in plastic.

We ran three PEG immunocytochemistry sessions on separate days. This is because pilot
PEG immunocyto-chemistry sessions indicated that ultrathin sections collected on grids
must be subject to primary antibody incubations starting the fifth to eighth hour after
collection. Grids incubated in antibody solutions less than 5 h after ultrathin-section
collections resulted in ultrathin-section floating off from the formvar-coated grids. Grids that
air-dried for longer than 8 h (e.g., overnight) resulted in noticeably reduced
immunoreactivity to the antibody. This led to the constraint of preparing all grids within a 3-
h period. The highest number of plastic-embedded blocks that could be ultrathin-sectioned
during a 3-h period was 13. The “ABA experiment” session ran grids from all eight ABA
brain tissue in parallel with grids prepared from four CON brain tissues. The “EX
experiment” session ran grids of all eight EX brain tissue in parallel with grids of five CON
brain tissues. The “FR experiment” session ran grids of all eight FR animals in parallel with
grids of five CON animals (Table 1). From one plastic-embedded block containing one
vibratome section, five EM grids were prepared such that two could be allocated for NR2A
immunolabeling, two for NR2B immunolabeling, and the fifth grid for the no-antibody
control. The fifth grid underwent all identical procedures used for the NR2A and NR2B
immunolabeling procedures, except that no primary antibody was included. The post-embed
immunogold labeling procedure was exactly as described previously (Aoki et al. 2009b).
Antibody concentrations were 10 pug/ ml for both the NR2A and NR2B antibodies, applied
overnight, while the secondary antibodies were applied at a concentration of 1:100 for 1 h at
room temperature.

In most cases, only a single grid, randomly picked from a pair of grids immunolabeled for
the NR2A or the NR2B subunit and typically containing a single large ultrathin section that
spanned the dorsal CA1-CA3 and upper blade of the dentate gyrus, from each animal was
analyzed. CA3 and dentate gyrus were included in the ultrathin section to provide
anatomical landmarks for identifying CAL. For quantitative analysis, the only anatomical
region analyzed was stratum radiatum of CA1. A second NR2A- or NR2B-immunolabeled
grid was analyzed in cases, where the first randomly picked grid had a tear over the region
spanning stratum radiatum of the CA1, making quantitative analysis impossible. Therefore,
for most animals, only a single block containing a single vibratome section was used to
obtain electron microscopic images.

Drebrin within dendritic spines was detected by the HRP-DAB procedure, prior to
embedding in plastic, as described previously (Aoki et al. 2005), using the antibody M2F6
(Medical and Biological Laboratories, Japan, Lot 041) at a dilution of 1:120. Tissue of all
eight ABA animals and four out of the eight CON animals (randomly picked) were
processed concurrently. Lead citrate counterstaining was omitted to optimize the detection of
HRP-DAB reaction product reflecting drebrin immunoreactivity over ultrathin sections with
minimal contrast.
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Electron microscopy: digital image acquisition and region selection

Digital images from stratum radiatum of the dorsal CA1 were taken with a Hamamatsu CCD
camera, attached to a JEOL 1200XL electron microscope, using a software developed by
AMT (Boston, MA), or were taken using AMT's XR80 camera system. To ensure the least
amount of bias, all microscopists were kept blind to the group of the animal (ABA, CON,
FR, and EX) during image acquisition and quantitative analysis of the EM images. Images
were acquired and analyzed, strictly in the order of encounter, so as to minimize any
selection bias for synapses with high or low levels of immunoreactivity. Spines were
identified based on their thick postsynaptic density (PSD), the absence of mitochondria, and
the absence of microtubules. Synaptic cleft positions were identified based on the presence
of thick PSDs. Parallel alignment of the postsynaptic membrane with the vesicle-containing
presynaptic terminal's plasma membrane served to confirm the position of the synaptic cleft,
but it was not required for identifying asymmetric excitatory axo-spinous synapses (Peters et
al. 1991). Images were analyzed and annotated using Adobe Photoshop (version CS2).

PEG particle analysis—general information

EM grids that were processed for PEG immunolabeling procedure in the absence of the
primary antibody yielded <5% labeling over axo-spinous synapses, regardless of the animal
group to which the tissue belonged. This level was considered background. The occurrence
of =1 PEG particle was considered immuno-positive for spine labeling. We quantified levels
of PEG particles that reflected NR2A and NR2B immunoreactivity at each of the eight
mutually exclusive locations at or near axo-spinous synapses (Fig. 2). We also used the
values of categories that were condensed (Fig. 2; Tables 2, 3, 4). “Anywhere pre/post” was
as an all-inclusive category, reflecting quantitative measurements revealed routinely by
immunofluorescence. PEG particle analyses were conducted, using either animals or
synapses as independent units.

PEG particle analysis considering animals as independent units for
comparisons to individual animal's body weight change and/or wheel running
—TFor each group of ten synapses encountered, the proportion of synapses labeled at each of
the eight axo-spinous locations was assessed. The per-10-synapses level (number) of PEG
particles located at each of the eight axo-spinous locations was also assessed. For each tissue
(i.e., animal), this assessment of the level and proportion of synapses labeled at particular
axo-spi-nous sites was repeated approximately 17-20 times, by examining approximately
170-200 synapses per animal, to obtain an averaged value for that animal. All the averaged
values belonging to a particular PEG immunolabeling session (for example, the averaged
values of eight ABA and four CON animals that were run in parallel in the “ABA
experiment” session) were normalized to a single value corresponding to the average of the
values obtained from the CON tissue of that particular session. Note that the averaged value
from each CON animal was also converted to a normalized value, using the single
normalization value corresponding to the average of the values obtained from the CON
animals specific for that session. We investigated the correlation between normalized
NR2A/B immunoreactivities to individual animal's extent of wheel running (EX and ABA
groups) or weight changes induced by food restriction (FR and ABA groups).
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PEG particle analysis considering synapses as an independent units, to
assess the main effect of food restriction or exercise by two-way ANOVA—To
determine the environmental effects on NR2A- and NR2B-containing NMDAR localization
to excitatory synapses of the hippocampus, we normalized the per-10-synapses PEG particle
levels and proportion of spines labeled at each of the eight axo-spinous locations, using a
normalization scheme that was similar to that described above. Specifically, for the “ABA
experiment”, the first step was to calculate the average of the values of PEG particle levels
or the proportion of synapses labeled at each subcellular domain of the four CON tissue that
were run in parallel with the eight ABA tissue. These values for each subcellular domain,
averaged across all of the CON tissue for that session, were used to normalize the PEG
particle values of the respective subcellular domains of synapses from all of the eight ABA
and the four CON tissues that were immunolabeled in parallel. The same steps of
normalization were followed to convert all values from the remaining four sets of tissue: FR,
EX, and CON tissues run in parallel with FR, and CON tissue run in parallel with EX. In
this way, synaptic values obtained from the tissue of ABA, FR, and EX animals became
normalized to the CON values that were specific to each of the three experimental sessions.
Since these steps yielded three sets of CON values (those that ran in parallel with ABA, with
FR, and with EX), the values for each CON animal, to be used for two-way ANOVA, were
calculated to be the average of the normalized values obtained across the different
experimental sessions.

These per-10-synapses values from all animals of the same group were pooled, so as to
obtain a single mean value that related to the environmental treatment (e.g., V=137 for
per-10-synapses, representing 1370 synapses analyzed from ABA tissue; and NV = 68 for
per-10-sy-napses, representing 680 synapses analyzed from 4 CON tissue, for the NR2A
immunocytochemistry, Table 1). Sample sizes from each animal varied by less than 4%
(Table 1). Two-way ANOVA tests were used to compare the normalized level of NR2A or
NR2B immunoreactivity at each axo-spinous synaptic location across the four
experimentally reared groups, consisting of ABA, FR, EX, or CON, followed by Fisher's
Least Square Difference (LSD) post hoc analysis. Two-way ANOVA test was used to
determine whether there was a main effect of exercise or food restriction or whether the two
main effects interacted.

Because all values in the graphs are shown as normalized values, the average PEG values of
each subcellular domain of CON tissue prior to normalization are presented in Table 2, to
reveal PEG levels that differ across the subcellular domains.

Quantitative analysis of drebrin immunoreactivity—PSD (postsynaptic density)
profiles of spines were categorized into three: intensely immunolabeled, moderately
immunolabeled, or unlabeled. To validate this categorization, a subset of the micrographs
was also subjected to mean gray-value measurements. Mean gray values were measured
using the tools of ‘select’ and ‘measure’ of Image J (version 1.50 g). The mean gray-value
measurements were randomly sampled from 11 micrographs of ABA tissue (from 3 ABA
animals) and 10 micrographs of CON tissue (from 3 CON animals). The formula, [(Mean
Gray Value of PSD) minus (Mean Gray Value of Mitochondrion in the immediate vicinity)]
divided by (Mean Gray Value of Mitochondrion in the immediate vicinity) was used to
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assess the level of immunolabeling above the mitochondrial ‘background’ electron density,
then to normalize for slight variations in the mean gray values across micrographs arising
from differences in the thickness of sections or camera settings.

For each of the eight ABA tissues and four randomly picked CON tissues, spines were
assessed for drebrin immunoreactivity, strictly in the order encountered along the EMBED-
tissue interface until 96 spines were analyzed. For each group of 12 spines analyzed, the
proportion of spines with intensely labeled PSDs was assessed. This assessment was
repeated eight times per animal, so as to obtain the mean £ SEM values of the proportion of
spines intensely immunolabeled for drebrin. The micrographs were captured at a
magnification of 40,0009, spanning approximately 312.66 um? of neuropil area per animal.
To determine whether the environmental effect of ABA upon NR2A- and NR2B-NMDAR
localization within spines was influenced by the presence of drebrin, Pearson's correlation
analyses were run.

For data pertaining to NR2A and NR2B immunoreactivity, two-way analysis of variance
(ANQOVA) was used to evaluate the significance of the differences among the four groups,
using food restriction and exercise as the two factors, followed by Fisher's LSD post hoc
analysis. Pearson's correlation analysis was conducted for relating NR2A and NR2B
immunoreactivity to body weight and wheel running measurements and for relating drebrin
immunoreactivity to NR2A and NR2B immunoreactivity. One-way ANOVA was used to test
significance of the difference in mean gray values of normalized intensity between drebrin-
immunolabeled PSDs and mitochondria. Unpaired #test was used to evaluate the
significance of difference between ABA and CON groups' drebrin immunoreactivity. For all
tests, p values <0.05 were considered statistically significant. The statistical softwares used
were either Statistica (Tulsa, OK, version 12) or Prism (La Jolla, Calif., versions 6.0 and
7.0).

by the ABA and the FR groups is initially similar

During the first four experimental days, the average body weight of all four groups increased
steadily (Fig. 1b). Average body weights of the CON and the EX groups increased linearly
for the entire experimental period, with no significant difference resulting from wheel access
(Fig. 1b). During the first three food-restricted period (ED5-ED7), ABA group's average
weight did not differ significantly from the FR group's, but both differed significantly from
the CON and the EX groups' (Fig. 1b). Individuals within the FR and the ABA groups
exhibited variable weight loss over the entire food-restricted period (ED5-EDS8), ranging
from 11 to 23% for the ABA group (Fig. 1e) and 11 to 18% for the FR group (Fig. 1d). As a
group, the FR animals began to diverge from the ABA animals toward the end of the food-
restriction period, such that the average weight loss during the last day of food restriction
was significantly different between the two groups (Fig. 1b; mean = SD of -2.9 + 3.20 g for
ABA, 1.72 £ 1.050 g for FR, 44 =-3.87, p=0.005).
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Food restriction increases voluntary wheel running by the ABA animals

Prior to food restriction, seven out of the eight animals assigned to the ABA group and seven
out of the eight animals assigned to the EX group exhibited an increase in voluntary wheel
running, reflecting their acclimation to the apparatus and the appetitive nature of wheel
running (Meijer and Robbers 2014). Within both groups, there were individuals that barely
increased wheel running (Fig. 1f, g). When food restriction began on ED5 for the ABA
group, a difference in the extent of wheel running between the two groups emerged (mean +
SD of 6.80 £ 3.60 km for the ABA group; 3.49 = 2.07 km for the EX group) with this
difference reaching statistical significance by ED7 (Fig. 1c).

NR2A and NR2B immunoreactivity rise at the postsynaptic membrane following ABA

induction

PEG particles reflecting NR2A immunoreactivity were detectable over PSDs, as well as in
the cytoplasm of spines and over axon terminals forming axo-spinous asymmetric synaptic
junctions (Fig. 2; Table 2). ABA tissue exhibited significantly greater levels (Fig. 3a) and
proportion (Supplemental Fig 1 A) of spines immunolabeled for NR2A at the postsynaptic
membrane compared to CON and EX tissue. The level (Fig. 3a) and proportion of spines
(Supplemental Fig. 1A) labeled at the postsynaptic membrane were not altered by as much
for the FR or the EX groups.

EX spines exhibited an increase in PEG particle labeling and in the proportion of spines
labeled at extra-synaptic plasma membranes (Fig 3a; p<0.05). Two-way ANOVA revealed a
significant interaction of the food-restriction and wheel-access effects, since the addition of
the food-restriction paradigm to the wheel-accessed animals (ABA) resulted in a reduction
of extra-synaptic labeling, opposite to the effect of exercise alone. These findings indicate
that while exercise alone directs NR2A-containing NMDARSs to the spine plasma
membrane, the additional environmental effect of food restriction combined with exercise
brings NR2A-containing NMDARSs to the postsynaptic membrane, possibly through lateral
diffusion of the NR2A-NMDARs at the extra-synaptic plasma membrane. Unexpectedly,
cytoplasmic labeling was not decreased, and instead displayed a non-significant increase.
This may be because the cytoplasmic pool is three times larger than the extra-synaptic pool,
as is evident by comparing the PEG labeling level across those two subcellular domains of
CON tissue (Table 2, “PEG particle number per-10 synapses™). Exercise alone also
increased presynaptic NR2A immunoreactivity, while ABA did not (Fig. 3a).

NR2B-PEG also occurred throughout the axo-spinous synapse, within both the axon
terminals and dendritic spines (Table 2). ABA induction increased NR2B-PEG particle
levels at the postsynaptic membrane (Fig. 3b, p <0.05), the presynaptic membrane (Fig. 3b,
p< 0.001), throughout the axon terminal (“anywhere pre”, Supplemental Fig. 2, p< 0.001),
and throughout the spine (“Anywhere post”, Supplemental Fig. 2, p< 0.005). Of these
changes, the postsynaptic membrane level was most notably increased by ABA: the
increases by food restriction alone (FR) or wheel access alone (EX) were less and did not
reach statistical significance (Fig. 3b). Food restriction alone (FR) or with exercise (ABA)
evoked an increase of presynaptic NR2B immunoreactivity, in contrast to the postsynaptic
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NR2B that required the combination of food restriction and exercise to induce increases that
were significant.

Inter-animal differences in ABA animals' weight loss and wheel running activity are related
to NR2A in the spine cytoplasm but not at the postsynaptic membrane

As noted in Fig. 1, ABA vulnerability, quantified based on the extent of food-restriction-
evoked body weight loss (Fig. 1e) or hyperactivity (Fig. 1g), varied across individuals. To
determine whether these ante mortem physiological signatures relates to inter-animal
differences in NR2A immunoreactivity at or in the vicinity of axo-spinous synaptic
junctions, we investigated the correlations of immunolabeling at each of the synaptic
compartments with measurements of body weight changes and wheel running during the
food-restricted period. Outcome of the entire analysis is shown in Table 3. The description
that follows highlights correlations of ABA vulnerability to synaptic NR2A
immunoreactivity and additional correlations that were strong, amongst all correlational
analyses that were conducted.

Weight changes correlate with cytoplasmic NR2A—Inter-animal differences in
food-restriction-evoked weight loss correlated most strongly with the cytoplasmic, non-acti-
vatable pool of NR2A within spines of the ABA tissue. The positive correlation indicated
that those animals with minimal loss of body weight during the food-restricted period
exhibited the highest levels of cytoplasmic NR2A. This correlation was evident, whether
measuring absolute (Fig. 4a, R=0.84; p< 0.01) or normalized (Table 3, #=0.80; p=10.02)
weight changes. Postsynaptic NR2A immunoreactivity did not correlate with weight
changes (Fig. 4b; #=-0.39; p=0.34 for correlation to absolute weight change and Table 3,
R=-0.16; p=0.71 for correlation to normalized weight change). Unlike the outcome
observed for the ABA tissue, correlation analysis of tissue from the FR group of animals
revealed no relationship between their weight losses and NR2A immunoreactivity in the
spine cytoplasm, even though FR animals lost similar amounts of body weight (Fig. 4a, R =
0.34; p=0.42 for absolute weight changes; Table 3, #=0.32, p= 0.44 for normalized
weight loss). This lack of correlation of the cytoplasmic NR2A within FR tissue suggested
that the localization of NR2A-containing NMDARSs to the spine cytoplasm was not driven
by the food-restriction-evoked weight loss, but reflects the combined effect of food
restriction plus hyperactivity evoked by it.

Wheel running correlates with cytoplasmic NR2A—Cytoplasmic NR2A labeling
within dendritic spines was strongly and negatively correlated with ABA individuals' wheel
running, whether measuring the average of the four days of the food-restricted period (Fig.
4c¢) or only of their food-restriction-evoked increase in running, relative to the pre-food-
restriction baseline level of activity (Table 3). The negative correlations indicate that ABA
animals responding minimally to the food-restriction treatment expressed the highest levels
of NR2A immunoreactivity in the spine cytoplasm. In contrast, postsynaptic NR2A
immunolabeling did not correlate with any measure of the wheel activity on any days of the
ABA animals (Fig. 4d, R=-0.00; p=0.99; Table 3).
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We next determined the extent to which wheel running, without food restriction, could
contribute to the correlation with spine cytoplasmic NR2A immunoreactivity. The increase
in running by animals of the EX group during ED5 and ED6 (corresponding to the first 48 h
of food restriction for the ABA group) correlated significantly and negatively with
cytoplasmic NR2A immunolabeling within spines (Table 3; R=-0.77, p=0.03), as did the
cytoplasmic NR2A labeling for the ABA group (Table 3, R=-0.74, p=0.035,). However,
this relationship did not continue as robustly for the last 48 h of running by the EX group,
thereby bringing the correlation down for the average of the last 4 days (Fig. 4c, R=-0.57;
p=0.14). This might indicate that the extent of running contributed to the rise of NR2A
immunoreactivity in the spine cytoplasm but had a much greater, sustained effect for the
ABA group than for the EX group.

Together, these data indicate that ABA animals with the highest levels of NR2A
immunoreactivity in the spine cytoplasm exhibited both signatures of resilience: minimal
weight loss and minimal hyperactivity in response to food restriction. Thus, although
functionally dormant, the cytoplasmic pool reflects an active process underlying ABA
resilience, while the postsynaptic NR2A immunoreactivity does not.

Inter-animal differences in postsynaptic NR2B immunoreactivity relate to weight loss but
not to wheel activity

NR2B immunoreactivity did not correlate to ABA animals' wheel running, whether
measuring the total or average running during the entire food-restricted period (Fig. 5c, d).
Because the cytoplasmic NR2A immunoreactivity correlated differently for the EX group
across the first compared with the last 48 h, we sought to determine whether these measures
correlated in any way with NR2B immunoreactivity as well. This did not reveal any
correlation (Table 4). On the other hand, NR2B immunolabeling, specifically at the
postsynaptic membrane, correlated with individual animals' degree of weight loss. This
correlation to the postsynaptic NR2B immunolabeling was the strongest when compared to
the degree of weight loss on ED8 (the last day of food restriction) (Fig. 5, #=-0.71; p=
0.05) and was moderately correlated also to weight changes over the entire food-restricted
period (Fig. 5b, #=-0.66; p=0.08). No correlation was found between weight loss on ED8
and the extra-synaptic portions of the spine plasma membrane (Table 4, R=-0.01; p=
0.97), indicating that the correlation was specific to the postsynaptic plasma membrane. All
FR animals gained weight on ED8 and these changes did not correlate with postsynaptic
NR2B immunolabeling (Fig. 5e, £=0.18; p=0.72). Unlike the pattern observed for NR2A
immunoreactivity, the cytoplasmic NR2B immunoreactivity within spines did not correlate
with body weight changes (Fig. 5a) or average wheel running during the food-restricted
period (Fig. 5¢).

There also was a significant correlation between the level of PEG particles in axon terminals
(“anywhere pre’, Fig. 2) and weight loss of ABA animals on the last day of food restriction
(Table 4, R=-0.74; p=0.035), although this correlation was not driven by levels of NR2B
immunoreactivity specifically at the presynaptic membrane (Table 4, #=-0.35, p=0.39)
(“Weight change on ED8,” Table 4). Such a correlation with axon terminal labeling was not
evident for the FR group, whether examining weight change on the last day of food

Brain Struct Funct. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 13

restriction (Table 4, #=0.22; p=0.63) or weight on the last day of food restriction (Table 4,
R=-0.51; p=0.24).

Comparisons of the FR tissue to the ABA tissue revealed two additional differences in
correlations with body weights. Although postsynaptic NR2B immunoreactivity did not
correlate to weight lost during food restriction, it correlated significantly and negatively to
FR groups' body weight on ED8 (Table 4, R=-0.79; p= 0.035). No such correlation was
found for the ABA group (Table 4, #=-0.09, p=0.83). We wondered whether postsynaptic
NR2B immunoreactivity might be related to general body maturation. This was not the case,
since EX animals, which gained body weight steadily throughout the experimental period,
exhibited no correlation of their body weight to postsynaptic NR2B (Table 4, £=0.29; p=
0.48).

These analyses reveal that ABA individuals that could minimize weight loss effectively by
eating more during the limited hours of food access exhibited the lowest NR2B-levels
postsynaptically (Fig. 5e) and anywhere within spines (Table 4). These correlations are not
evident within spines of animals that experience exercise only or food restriction only.

Drebrin immunoreactivity at spines and its relation to NR2A- and NR2B-subunit
immunoreactivity

Cytoplasmic NR2A was strongly negatively correlated with postsynaptic NR2B, the two
subcellular domains that exhibited correlation to ABA vulnerability measurements (Fig. 5f,
R=-0.80, p<0.05). This correlation suggests that one pool of NMDARs may be
influencing the localization of the other and/or that the two pools are co-regulated by a
common cytoplasmic protein. One such candidate protein is drebrin, previously shown to be
involved in synaptic protein trafficking of NMDARs and F-actin within dendritic spines
(Aoki et al. 2005, 2007, 2009a). This idea was tested by examining drebrin
immunoreactivity within dendritic spines of ABA and CON tissue from stratum radiatum of
the dorsal hip-pocampal CA1.

Initially, we noted that drebrin immunoreactivity over PSDs varied in intensity across
synapses, even among those that were located within a few micrometers from one another
(Fig. 6a, b). Since drebrin is known to be absent from the mitochondrial matrix, we
categorized the intensity of drebrin immunoreactivity over PSDs into three groups: intensely
immunolabeled, moderately immunolabeled and unlabeled, using mitochondrial profiles in
the immediate vicinity as a local standard representative of an unlabeled profile. We
confirmed statistically significant difference in gray values between intensely labeled versus
unlabeled or moderately labeled PSDs, with averaged values of 0.06 £ 0.03 for unlabeled
PSDs, 0.27 £ 0.03 for moderately labeled PSDs, and 0.54 £ 0.02 for intensely labeled PSDs
(Fig. 6¢. These group differences were highly significant (o < 0.0001) from one another. As
expected, the difference in mean gray values between the unlabeled PSDs and mitochondria
was small (Fig. 6¢). The individual gray values of the intensely labeled and unlabeled PSDs
did not overlap at all, confirming that the categorization of the intensely labeled PSDs was
sufficiently reliable to allow for quantification. Therefore, we proceeded to compare the
proportion of intensely labeled PSDs across ABA versus CON groups. These analyses were
conducted while keeping the experimenter blind to the groups.
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For both the ABA and CON tissue, greater than 90% of the asymmetric axo-spinous
synapses exhibited drebrin immunoreactivity over PSDs at moderate or intense levels. The
group mean values of the proportion of PSDs with intense immunoreactivity for drebrin
were significantly greater for the ABAs than the CONs (Fig. 6d, p=0.009). At the same
time, the proportion of spines with intense immunoreactivity for drebrin at PSD varied
widely across ABA animals—30 to 68%. Inter-animal differences in the frequency of the
intensely immunoreactive PSDs correlated negatively and significantly with cytoplasmic
NR2A immunoreactivity (Fig. 6e, #=-0.78; p< 0.05) and trended toward a positive
correlation with postsynaptic NR2B immunoreactivity (/= 0.65; p=0.08, indicated by a
aashed line in Fig. 6f). By comparison, the correlation between postsynaptic NR2A
immunoreactivity to the frequency of the intensely drebrin-immunoreactive PSDs was much
weaker (R=0.34; p=0.4130).

Altogether, these correlation analyses revealed that ABA vulnerability, characterized by
larger weight loss and more severe hyperactivity, is associated with higher levels of
postsynaptic NR2B immunoreactivity, higher proportions of intensely drebrin-
immunoreactive PSDs, and lower levels of cytoplasmic NR2A immunoreactivity (Fig. 7).

Discussion

During adolescence, food restriction and exercise, separately and together, strongly
influence dendritic branching of CA1 pyramidal neurons (Chowdhury et al. 2014a). This
study reveals that amidst these dendritic branch changes, ABA also evokes redistribution of
NMDARS, together with the F-actin binding protein drebrin at axo-spinous junctions in
ways that are different for NR2A-containing and NR2B-containing NMDARSs.

ABA induction augments postsynaptic NMDAR levels

ABA induction, but not exercise, increased both NR2A and NR2B at postsynaptic
membranes (Fig. 3). Do NR2A and NR2B immunoreactivity reflect functional NMDARs
sites? While earlier biochemical studies have indicated that NR2 subunits are not transported
to the cell surface unless associated with NR1 subunits (Reviewed in (Mcllhinney et al.
2003)), a more recent study using fluorophores tagged to NR1 and NR2 subunits and total
internal reflection fluorescent microscopy to restrict illumination to the plasma membrane
indicated that as much as a third of the NR2 subunits at the plasma membrane of Xenopus
oocytes could be without NR1 (Ulbrich and Isacoff 2008). Thus, we presume that the
majority of NR2A and NR2B subunits at the plasma membrane reflect NR2A and NR2B-
containing functional NMDARs. Compared to the ABA groups, the increase of NR2A was
less for the group that experienced food restriction alone (Fig. 3a), as were the increases of
NR2B for the groups that experienced food restriction alone and exercise alone (Fig. 3b),
with none of these differences reaching statistical significance. These changes, elicited most
strongly by ABA induction, would likely increase excitability of pyramidal cells. This effect
could add to the increased neuronal excitability associated with dendritic retraction
(Chowdhury et al. 2014a), which could increase neurons' input resistance.

NR2B immunoreactivity was also increased at the presynaptic membrane by ABA induction
and food restriction alone (Fig. 3b). Presynaptic NR2B-NMDARs tonically facilitate

Brain Struct Funct. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 15

glutamate release (Li et al. 2009; Yang et al. 2006), increasing hippocampal excitability
additively with the postsynaptic mechanisms. The rise of pre- and postsynaptic NMDARs
could facilitate LTP (long-term potentiation), learning, and memory, often associated more
with the rise of NR2A-NMDARs than of NR2B-NMDARs (Liu et al. 2004; Massey et al.
2004). Supporting this prediction, other cohorts of adolescent female rats that underwent
identical ABA and food-restriction-alone treatments exhibited faster acquisition of spatial
memory, relative to the CON animals, after recovering from ABA for a week (Aoki et al.
2016; Chowdhury et al. 2014b). Consistent with this idea, individuals diagnosed with AN
are often characterized to be perfectionists, high achievers, and goal-oriented (Kaye et al.
2009; Bachner-Melman et al. 2007; Sundquist et al. 2016; Dura and Bornstein 1989; Beals
2004).

Although exercise alone did not alter postsynaptic levels of NMDARS, extra-synaptic spine
membrane NR2A immunoreactivity was elevated by exercise. Unlike the excitotoxic and
apoptotic roles ascribed to extra-synaptic NR2B-NMDARs expressed by cultured neurons
(Hardingham and Bading 2010; Kaufman et al. 2012), the consequence of elevating extra-
synaptic spine membrane NMDAR in vivo by exercise during adolescence may be to prune
synapses, spines, and dendritic branches, as we have observed in another cohort of EX
animals (given access to a running wheel without food restriction during the same
adolescent ages) (Chowdhury et al. 2014a). Future studies that analyze larger group sizes of
animals or after longer periods of wheel access may reveal additional changes at the
postsynaptic membrane. Animals of this study were monitored for voluntary exercise only.
Especially during adolescence, when exercise is experienced forcibly on a treadmill or
through daily physical training, such as exposure to a rotarod over a pool of water, additional
effects yielded on hippocampal CAL1 spines that are detectable by electron microscopy are
interesting questions for future studies. In male rats, mild food restriction for much longer
durations is reported to increase life-span and delay or prevent age-related diseases (Yu et al.
1982) and cognitive decline (Pitsikas et al. 1990). Relatively less is known about the
consequences of shorter term but more severe food restriction, as used in our paradigm. Our
cohorts consisted of only adolescent females. Therefore, it remains to be tested whether the
patterns of synaptic changes that were evoked by exercise, food restriction or of their
combination is generalizable to males, other age groups or after milder but more prolonged
forms of food restriction.

Spinous NMDARs relate to individual differences in ABA vulnerability: Excitability of
pyramidal neurons in the dorsal hippocampus is related to the animal's stress-induced
anxiety, especially for adolescent females (Shen et al. 2007). Since anxiety is positively
correlated with wheel running (Wable et al. 2015b), it was surprising that neither NR2A nor
NR2B immunoreactivity at postsynaptic sites correlated with the extent of wheel running.
However, postsynaptic NR2B immunoreactivity did correlate with weight loss. The rise of
NR2B-NMDARs has been reported to support LTD, but from extra-synaptic sites (Liu et al.
2004; Massey et al. 2004). Based on our measurements, which differentiated postsynaptic
from extra-synaptic sites, we interpret the postsynaptic NR2B-containing NMDARS to be
involved in increasing neuronal excitability, consistent with animals' behavior of increased
anxiety and hyperactivity.
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Individual differences in ABA vulnerability (both weight change and running) correlated
strongly and negatively with spines' cytoplasmic pool of NR2A-NMDARs (Fig. 4a, ¢);
animals with more NR2A-containing NMDARS in the cytoplasm exhibited greater resilience
to ABA. We propose that an active process of retention of NR2A-containing NMDARSs in
the cytoplasm reduces their rate of insertion into the postsynaptic region, which could be
preventing over-excitability of pyramidal neurons.

Since the ABA animals' levels of cytoplasmic NR2A immunoreactivity overlap to some
extent with those of the CON animals, it is possible that NR2A-containing NMDARS are
tethered to the cytoplasm prior to introduction of the stressor. If so, then one prediction
would be that the CON animals with relatively strong mechanisms for retention of NR2A-
containing NMDARs in the cytoplasm would be resilient, while those with weaker
mechanisms would be exhibit vulnerability, should the animals become introduced to the
ABA paradigm or other stressful conditions. Although we do not see this correlation of
cytoplasmic NR2A immunoreactivity with weight change in the FR animals, this could be
explained by an alternate reason. We have shown that animals can adapt to the restricted
feeding schedule by the fourth day of food restriction, so long as the running wheel is absent
(Fig. 1b): the lack of correlation may reflect a reduction in stress that comes with this
adaptation, which relieves the cytoplasmic NR2A tethering mechanism.

Individual differences in wheel activity also correlated negatively with cytoplasmic NR2A in
the EX group that experienced no food restriction, albeit less than what was observed for the
ABA group of animals. This trend may reflect individual differences in resilience to the
stress associated with single housing, since exercise is anxiogenic for singly housed animals
(Fuss et al. 2010) but not for group-housed animals (Schoenfeld et al. 2013). These findings
suggest that treatments targeting postsynaptic NR2B-NMDARs, such as ifenprodil
(Williams 1993), may be able to put a brake on the vicious cycle of ABA that begins with
elevated anxiety and leads to excessive exercise and weight loss.

The lack of correlation between postsynaptic NMDARSs with wheel running may be due to
the stronger influence of another neurotransmitter system. Spine membrane levels of extra-
synaptic a4ps-containing GABAARS, which mediate shunting inhibition at dendritic spines
of stratum radiatum of the dorsal CA1 (Shen et al. 2007), correlate strongly and negatively
with the distances run by ABA animals (Aoki et al. 2014). Importantly, these a4p6-
GABAARRs are inactivated by allopregnanolone in a chloride ion-flux-dependent manner, a
condition brought on in the dorsal CA1 of adolescent females when an animal is stressed
(Shen et al. 2007). During these periods of elevated stress, transient inactivation of a4p8-
GABAARs enables animals to fully utilize NMDARSs for hippocampal LTP induction,
learning and memory formation (Shen et al. 2010). As expected, exogenous progesterone,
which metabolizes to allopregnanolone, exacerbates ABA vulnerability, characterized by
food-restriction-evoked hyperactivity (Wable et al. 2015a). Other candidate receptors that
have yet to be analyzed for their correlation with wheel running include AMPA receptors,
for which no data are yet available, and serotonin 5HT4 receptors, shown to lead to
anorexia-like behavior when over-expressed in the prefrontal cortex (Compan et al. 2015).
This last point leads to another question— whether NMDARS or other neurotransmitters
elsewhere in the brain may also be related to the animal's hyperactivity. We have shown that
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GABAergic innervation of the pre-frontal cortical pyramidal neurons is correlated with the
animals' running during the days of food restriction (Chen et al. 2016).

Contribution by drebrin in ABA vulnerability

The ABA tissue exhibited higher proportion of intensely drebrin-immunolabeled PSDs than
CON tissue. This group difference suggests that ABA evokes a rise of drebrin at the PSD.
Although drebrin is a predominantly cytosolic protein, a portion of drebrin is found in the
synaptosomal fraction that includes the PSD (personal communication with Dr. Tomoaki
Shirao of Gunma University, Japan). This is not so surprising, since drebrin is an F-actin
binding protein and the PSD fraction contains actin (Aoki et al. 1985).

Data from drebrin knockout brains indicate that drebrin is required for homeostatic plasticity
through the NMDAR activity-dependent trafficking of NR2A-NMDARs into the spine
cytoplasm (Aoki et al. 2009a). The strong negative correlation between cytoplasmic NR2A
and drebrin at the PSD suggests that the relatively low levels of drebrin at the postsynaptic
membrane of ABA-resilient animals could be a “bottleneck”, preventing NR2A-NMDARs
(but not NR2B-NMDARS, see below) from becoming readily inserted into the postsynaptic
membrane, despite the elevated NR2A expression in the spine cytoplasm. The elevated
levels of cytoplasmic NR2A-containing NMDARS, together with the relatively low levels of
postsynaptic NR2B-NMDARs (Fig. 5f), could contribute towards dampening excitability of
pyramidal neurons and the level of anxiety-evoked excessive exercise (Fig. 4c), thereby
minimizing body weight loss (Fig. 4a), ultimately making the animal more resilient to ABA

(Fig. 7).

Since PSD labeling for drebrin positively correlates with postsynaptic NR2B but not with
postsynaptic NR2A, the ABA-evoked rise of drebrin may promote the anchoring of NR2B-
containing NMDARs at the postsynaptic membrane, preferentially over those containing
only NR2A subunits (Fig. 7). A previous study has pointed to drebrin as a candidate
molecule facilitating the insertion of NR2B-NMDARs at nascent synapses, as the two
molecules co-cluster in vivo in rat hippocampal neurons during early postnatal weeks (Aoki
et al. 2005). However, that study did not include analysis of adolescent brain tissue. It is
possible that this ABA-induced redistribution of NR2B-containing NMDARs at the
postsynaptic membrane does not occur in all stages of development but does in adolescent
hippocampi, also supported by findings of adolescent CA1 pyramidal cells undergoing
robust dendritic re-organizations during ABA, EX, FR, and CON (Chowdhury et al. 2014a,
c). Based on the observation that individuals with higher levels of postsynaptic NR2B levels
lost more weight (Fig. 5b, e), we propose that the enhanced anchoring of the NR2B-
containing NMDARs at the postsynaptic membrane via drebrin renders the animals more
vulnerable to ABA induction. Drebrin's importance in synaptic plasticity and cognition
during adulthood has been suggested, based on cognitive impairment related to drebrin loss
in neocortex and hippocampus of animal models of Alzheimer's disease [reviewed in (Aoki
et al. 2007)]. Conversely, transgenic mice with enhanced NR2B expression exhibit superior
learning, memory and larger LTP (Tang et al. 2001). Furthermore, the same study has shown
that environmental enrichment, which includes wheel access, increases both NR2A and
NR2B protein levels in the forebrain of wild type and NR2B-transgenic mice (Tang et al.
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2001). The present EM-ICC data add to previous data based on western blots of forebrain
homogenates by highlighting the important differences between the two subunits in terms of
their expression pattern—postsynap-tic for NR2B-containing NMDARs versus cytoplasmic
for NR2A-containing subunits, each of which can have distinct behavioral and physiological
consequences, including undesirable consequences, such as increased ABA vulnerability.

Since brain-derived neurotrophic factor (BDNF) promotes the expression and trafficking of
NMDARSs to the plasma membrane (Caldeira et al. 2007), we propose that BDNF may be
one agent translating environmentally evoked behavior to synaptic drebrin and NMDAR
changes, especially since BDNF secretion is known to be elevated in the hippocampus by
food restriction (Stranahan et al. 2009). BDNF secretion is strongly stimulated by estrogen
(Bath et al. 2013). Therefore, one reason why vulnerability to AN peaks at puberty may be
that the sudden change in gonadal hormone levels increases the responsiveness of the
hippocampus to BDNF, which in turn augments neurotransmitter receptor responsiveness to
chronic activity levels. Future studies that assess synaptic NMDAR levels following
manipulation of gonadal hormones and BDNF secretions should help to elucidate the
molecular nature of vulnerability to ABA and AN, especially during adolescence.
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Fig. 1.

B(?dy weight and wheel activity of CON, ABA, FR, and EX groups. a Timeline of the
environmental conditions of the four experimental groups. Animals were food restricted
(FR), given ad libitum access to a running wheel to allow for voluntary exercise (EX),
induced to undergo activity-based anorexia (ABA) by combining wheel access and food
restriction (ABA), or served as controls (CON) that neither exercised nor were food
restricted. All animals were shipped to NYU's animal facility at postnatal day (P) 28. Wheel
access for the ABA and the EX group began on experimental day 1 when animals were P35
or 36. Food restriction for the ABA and the FR groups began on experimental day 1 (FR1),
which corresponded to the fifth experimental day when animals were P39 or 40. All animals
were euthanized by transcardial perfusion under anesthesia on P43/44. b Body weights of all
groups are shown from ED1 through ED8, as mean £ SEM. Has/ indicates a main effect of
food restriction with p < 0.05. There was no significant interaction between the effect of
food restriction and wheel access. The dashed line along the x-axis indicates the food-
restricted period, beginning on ED4. ¢ Average voluntary running wheel activity is displayed
for the EX and ABA groups for the last 6 of the 8 days of wheel access. Asterisk indicates
significant difference between EX and ABA at p < 0.05. d, e Average weight of the FR and
ABA groups across the first four experimental days (ED1 through ED4) is compared to the
average weight across the last four food-restricted days (ED5 through ED8). Each gray line
represents data from a single animal, while the Aeavier line represents the group average as
mean + SD. f, g The average running activity per 24 h during the first 4 days of wheel access
was compared to the average activity during the last 4 days of wheel access in the EX and
the ABA groups. Each gray line represents a single subject, while the Aeavier lines represent
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the group average as mean + SD. In the ABA group, the latter 4 days of wheel access were
accompanied by food restriction. 1 wheel count equaled 0.64 m
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Fig. 2.

Cgtegorization of subcellular sites in the vicinity of axo-spinous asymmetric synapses where
NR2A and NR2B immunoreactivities were observed. a through e are examples of electron
micrographs taken from tissue immunolabeled for the NR2A subunits, while f, g are
examples of micrographs taken from tissue immunolabeled for the NR2B subunits. a—d, f
are micrographs taken from EX tissue, while e, g were taken from ABA tissue. The numbers
depict PEG particles associated with axo-spinous asymmetric synapses. The presynaptic
sides are indicated by t for axon terminal. Calibration bar is equal to 200 nm and applies to
all panels. The carfoonin the center describes the categorization of subcellular location of
PEG particles. The subcellular position for each particle in these examples were categorized
as follows: 1 at PSD; 2 at extra-synaptic spine plasma membrane, 3 and 4 near PSD, 5 as
cytoplasmic on the presynaptic side, 6 and 7 at extra-synaptic spine plasma membrane, 8 at
cleft, 9 at/near presynaptic plasma membrane, 10 (two particles) as cytoplasmic within the
postsynaptic spine, 11 near PSD, 12 at c/eft, 13 at/near presynaptic axon terminal, 14 at/near
presynaptic plasma membrane, 15 near PSD, and 16 at extra-synaptic spine plasma
membrane
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Fig. 3.

ABA elevates both NR2A and NR2B immunoreactivity specifically at the postsynaptic
membrane. The histograms depict group comparisons of the number of PEG particles
encountered per-10 synapses, at and near axo-spinous junctions, reflecting NR2A (a) and
NR2B (b) immunoreactivitynormalized to the average of the CON values. Asterisk depicts
significance of difference at p < 0.05 by two-way ANOVA, followed by Fisher's LSD post
hoc analysis. The original, pre-normalized CON values for NR2A and NR2B
immunoreactivity are shown in Table 2
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Fig. 4.

Correlations between ABA vulnerability and NR2A immunoreactivity. Pearson correlation
analyses were run to determine the relationship between ABA vulnerability and the level of
NR2A-PEG particle labeling. a, b ABA vulnerability was measured as the extent of body
weight change, following 4 days of food restriction. ¢, d ABA vulnerability was measured as
the average daily running during the 4 days of food restriction. e ABA vulnerability was
measured as the weight change during the last day of food restriction, on ED 8. a, ¢
Significant correlations between ABA vulnerability and NR2A immunoreactivity within the
spine cytoplasm. b, d, e Lack of correlation between postsynaptic NR2A and ABA
vulnerability. All values were normalized to a single value derived from an average of all
CON tissue that were immunolabeled by the PEG procedure in parallel with the
experimental group (ABA, FR, or EX). The shape of the unfilled symbols indicates the
experimental group with which the CON tissue runs. R values of the Pearson correlation are
indicated for each graph. Asterisk indicates p < 0.05, and double asterisk indicates p < 0.01.
Solid lines represent trend lines for correlations with p < 0.05, while dashed lines represent
trend lines for correlations with p> 0.05 but <0.1
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Fig. 5.
Cgrrelations between ABA vulnerability and NR2B immunoreactivity. Pearson correlation
analyses were run to determine the relationship between ABA vulnerability and the level of
NR2B-PEG particle labeling, just as was conducted for NR2A immunolabeling. a, b ABA
vulnerability was measured as the extent of body weight change during the four days of food
restriction. ¢, d ABA vulnerability was measured as the average daily running during the
four days of food restriction. e ABA vulnerability was measured as the weight change during
the last day of food restriction, on ED 8. The only measure of vulnerability that shows
correlation to NR2B immunoreactivity is the extent of weight change on ED 8 (e). All
values were normalized to a single value derived from an average of all CON tissue that
were immunolabeled by the PEG procedure in parallel with the experimental group (ABA,
FR or EX). The shape of the unfilled symbols indicates the experimental group with which
the CON tissue runs. f Outcome of the Pearson correlation analysis comparing normalized
cytoplasmic NR2A to normalized postsynaptic NR2B. R values of the Pearson correlation
are indicated for each graph. Asterisk indicates p < 0.05; solid lines represent trend lines for
correlations with p < 0.05; and hash and dashed lines indicate p> 0.05 but <0.1
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Fig. 6.
Correlations between drebrin at PSDs and NMDAR subunits at locations associated with

ABA vulnerability. a (from an ABA animal) and b (from a CON animal) show examples of
drebrin immunoreactivity at the PSD. The mitochondrial profile is indicated by m21 and m2
in the panels. The levels of drebrin immnuoreactivity were categorized to be the following
for the 12 PSDs shown in the two panels. a 1,2,3, and 6 are intensely labeled, 4 is
moderately labeled, and 5 and 7 are unlabeled. b 1 is intensely labeled, 4 is moderately
labeled, and 2, 3 and 5 are unlabeled. Calibration barequals 500 nm and applies to both
panels. ¢ shows intensity (gray value) difference between PSD and mitochondria normalized
to the gray value of the mitochondria for the three categories of drebrin-immunolabeled
PSDs. Mean gray values were sampled from 11 micrographs of ABA tissue (from 3 ABA
animals) and 10 micrographs of CON tissue (from 3 CON animals). Mean gray values of
PSDs categorized as intensely labeled were significantly greater than values of PSDs
categorized as unlabeled or moderately labeled. Asterisk indicates significance (o0 < 0.05). d
Quantification of the proportion of intensely drebrin-immunolabeled PSDs for ABA and
CON groups. 768 and 384 spines were sampled from eight ABA and four CON tissues,
respectively. e Normalized cytoplasmic NR2A labeling levels of the 8 ABA animals (the
same as the values shown in Fig. 4a and c) are negatively correlated to the proportion of
spines immunolabeled intensely over the PSD. This correlation is significant (p < 0.05). f
shows that normalized postsynaptic NR2B labeling (the same as those shown in Fig. 5b and
e) of the eight ABA animals is related to the proportion of spines immunolabeled intensely
over the PSD. This correlation approached significance (o= 0.08), and is indicated by a
aashed line
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Fig. 7.

Sugmmary of the levels of NR2A-containing NMDARSs, NR2B-containing NMDARs, and
drebrin at postsynaptic versus cytoplasmic locations reported for spines belonging to
hippocampi of ABA-vulnerable and ABA-resilient individuals. The strongly correlating
pools of synaptic proteins are shown as putatively interacting through direct contacts. The
correlations suggest that the inactive pool of cytoplasmic NR2A level is actively retained
from becoming inserted into the PSD through interaction with drebrin, and that drebrin
interacts relatively more strongly with NR2B-containing NMDARS at the PSD than with
NR2A-containing NMDARs
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Table 1
Number of synapses and animals used for NR2A and NR2B EM analysis for each

experimental and control group

NR2A NR2B

ABA-CON comparison 8 ABA (1370 synapses) 8 ABA (1580 synapses)
4 CON (680 synapses) 4 CON (790 synapses)
EX-CON comparison 8 EX (1580 synapses) 8 EX (1590 synapses)
5 CON (1000 synapses) 5 CON (990 synapses)
FR-CON comparison 8 FR (1590 synapses) 7 FR (1360 synapses)
5 CON (1000 synapses) 5 CON (980 synapses)
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