
Article

The Rockefeller University Press   $30.00
J. Exp. Med. 2016 Vol. 213 No. 7  1267–1284
www.jem.org/cgi/doi/10.1084/jem.20151776

1267

Acetyl-CoA is an essential substrate for a wide range of bio-
chemical reactions that occur within the cell (Pietrocola 
et al., 2015). Cytosolic acetyl-CoA is produced predomi-
nantly by the conversion of citrate and coenzyme A (CoA) 
by ATP-citrate lyase (ACLY) and the condensation of free 
acetate and CoA by acetyl-CoA synthetase (ACE​SS2, also 
referred to as AceCS; Pehar and Puglielli, 2013; Shi and Tu, 
2015). Acetyl-CoA is then actively imported into the lumen 
of the ER by the ER membrane transporter AT-1 (also re-
ferred to as SLC33A1; Jonas et al., 2010), where it serves as 
donor of the acetyl group in the Nε-lysine acetylation of 
ER-resident and -transiting proteins (Choudhary et al., 
2009; Pehar et al., 2012b).

Recent reports suggest that lysine acetylation within the 
ER is required for ER-mediated quality control. Specifically, 
the ER-based acetyltransferases ATase1 and ATase2 associ-
ate with the oligosaccharyl transferase complex to acetylate 
properly folded glycoproteins (Ding et al., 2014). In addition, 
studies performed with two type I membrane proteins indi-

cate that the acetylation status of nascent secretory proteins in 
the ER regulates the efficiency of transport along the secre-
tory pathway (Costantini et al., 2007; Mak et al., 2014).

Decreased influx of acetyl-CoA into the ER lumen 
leads to aberrant induction of autophagy in both cell-
based (Jonas et al., 2010; Pehar et al., 2012a) and animal 
(Peng et al., 2014) models. At the mechanistic level, the 
induction of autophagy is linked to the acetylation status 
of autophagy-related protein 9A (Pehar et al., 2012a; Peng 
et al., 2014). Haploinsufficiency of AT-1 in the animal 
results in neurodegeneration, inflammation, and propensity 
to infections and cancer (Peng et al., 2014). Heterozygous 
mutations in AT-1 have been identified in patients affected 
by an autosomal dominant form of spastic paraplegia (Lin 
et al., 2008), whereas homozygous mutations have been 
identified in patients affected by severe developmental delay 
and childhood death (Huppke et al., 2012). Chromosomal 
duplications affecting the 3q25.31 locus harboring AT-1/
SLC33A1 have been associated with autism spectrum 
disorder (ASD) and intellectual disability (SFA​RI Autism 
Database; http​://sfari​.org​/; Sanders et al., 2011; Prasad et al., 
2012; Krumm et al., 2013). Additionally, a gain of ∼1.1–1.5 
Mb in 3q25.2-3q25.31, which contained AT-1/SLC33A1 
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and Guanine Monphosphate Synthase (GMPS, associated 
with myeloid leukemia) was found in three male children 
with autism, seizure, abnormal electroencephalogram, and 
facial dysmorphism (Swisshelm, K., et al. 2014. ASHG 
Annual Meeting; Abstract 3205T).

In this study, we sought to investigate the consequences 
of increased AT-1 activity. Specifically, we generated an AT-1 
transgenic (Tg) mouse model that selectively overexpresses 
human AT-1 in neurons. These animals demonstrate cog-
nitive deficits, autistic-like social behavior, aberrations in 
synaptic plasticity, increased number of dendritic spines and 
branches, and widespread proteomic changes. The synaptic 
phenotype appears to be caused by increased trafficking of 
nascent proteins along the secretory pathway. In addition, 
we found that AT-1 Tg animals display increased expression 
of mitochondrial enzymes related to acetyl-CoA produc-
tion, suggesting that increased movement of acetyl-CoA 
into the ER causes downstream compensatory mechanisms 
in mitochondrial activity. Furthermore, this apparent mi-
tochondrial adaptation appears to be driven by changes in 
the acetylation/methylation status of Lys27 on the histone 
protein H3 suggesting that this site acts as a sensor to adapt 
supply of citrate from the mitochondria to rapidly com-
pensate for changes in cytosolic acetyl-CoA, as induced by 
increased AT-1 activity.

In conclusion, our results indicate that increased expres-
sion of AT-1 can cause an autistic-like phenotype by affecting 
key neuronal metabolic pathways.

RES​ULTS
AT-1 Tg animals display cognitive deficits and 
autistic-like behaviors
To explore the role of AT-1 in the brain, we generated Tg 
mice with an inducible neuron-specific overexpression Tet-
Off system driven by the CamK2 promoter (Fig. 1 A). For 
the purpose of this study, the animals (referred to as AT-1 Tg) 
were maintained in the absence of doxycycline (Dox); as such, 
they overexpressed human AT-1 during development, as well 
as after birth. Direct assessment of both mRNA and protein 
levels in neurons isolated from the adult brain confirmed suc-
cessful up-regulation of AT-1 in Tg mice (Fig. 1, B–D).

To determine whether selective overexpression of AT-1 
in neurons would impact learning and memory, mice were 
assessed with the fear conditioning (FC), novel object rec-
ognition (NOR), and Morris water maze (MWM) tasks. We 
found that AT-1 Tg animals displayed significant deficits in 
each of these hippocampus-dependent tasks (Fig.  2, A–F). 
Specifically, we observed significant impairments in contex-
tual FC (Fig.  2  A) and NOR (Fig.  2  B). The animals did 
not display differences in freezing behavior during the initial 

Figure 1.  AT-1 Tg mice selectively overexpress AT-1 in forebrain neurons. (A) AT-1 Tg mice were generated with an inducible neuron-specific over-
expression Tet-Off system driven by the CamK2 promoter. (B) Western blot showing isolation of neurons from the brain of adult AT-1 Tg mice. Total cells 
dissociated from the brain (Input), neuronal, and nonneuronal fractions are shown. The following markers were used: Iba1 for microglia; S100 for astrocytes; 
βIII Tubulin, L1CAM, and NFL 160 for neurons. (C and D) mRNA (C) and protein (D) levels of AT-1 in AT-1 Tg mice. Data in C represent three independent 
determinations of seven mice/group. **, P < 0.005; #, P < 0.0005. Student’s t test and one-way ANO​VA, followed by Tukey-Kramer multiple comparisons 
test. Bars represent mean ± SD.
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exposure to the behavior arena (Fig. 2 A, Training) and did 
not display increased anxiety in the open field test (unpub-
lished data). In the NOR test, WT mice spent >40% of their 
total investigation time exploring the novel object, whereas 
AT-1 Tg mice displayed no preference for the novel object 
relative to the trained objects. During the training phase of 
the MWM task, Tg mice had a significantly higher escape 
latency (Fig. 2 C) and swam greater distances before locating 
the hidden platform than WT controls (Fig. 2 D). Further-
more, they spent less time in the target quadrant (Fig. 2 E) 

and displayed fewer platform crossings during the probe trial 
than WT animals (Fig. 2 F).

Given the possible association of AT-1/SLC33A1 with 
ASD and intellectual disability, we decided to test AT-1 Tg 
mice with the marble burying and social preference para-
digms, two commonly used models of autistic behavior. We 
found that Tg mice displayed decreased repetitive behavior in 
the marble burying task (Fig. 2 G) and failed to show a pref-
erence for investigating the novel mouse in the social pref-
erence paradigm (Fig. 2 H). These tests indicate aberrations 

Figure 2.  AT-1 Tg animals display cogni-
tive deficits and autistic-like social behav-
iors. (A) Contextual FC. (WT, n = 6; AT-1 Tg, 
n = 6). (B) NOR (WT, n = 11; AT-1 Tg, n = 12). 
(C–F) MWM (WT, n = 10; AT-1 Tg, n = 10). (G) 
Marble burying task (WT, n = 13; AT-1 Tg, n = 
13). Number of marbles that were at least 50% 
covered (total) and number of marbles that 
were completely buried (100%) are shown. (H) 
Social interaction test. Preference for investi-
gating novel versus familiar mouse is shown. 
(WT, n = 13; AT-1 Tg, n = 13). *, P < 0.05; **, P 
< 0.005. Student’s t test and one-way ANO​VA, 
followed by Tukey-Kramer multiple compari-
sons test. Bars represent mean ± SD.
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in repetitive behavior and social tendencies, suggesting that 
our Tg mouse line shares similarities with behavioral models 
of ASD (Gkogkas et al., 2013; Kouser et al., 2013; Dere et 
al., 2014; Lugo et al., 2014; Pucilowska et al., 2015; Speed et 
al., 2015). To assess whether the aforementioned behavioral 
changes were solely the result of developmental events, we 
also generated AT-1 Tg mice in the presence of Dox to re-
press expression of the transgene. The Dox was suspended at 
weaning and the animals were analyzed 6 mo later (Fig. 3 A). 
Under these conditions, we did not observe any differences 
with WT mice (Fig. 3, B–D), indicating that the aberrations 
in repetitive behavior and social tendencies described in 
Fig. 2 are solely—or mostly—developmental.

Although there is no specific behavioral profile that 
defines ASD in the mouse, the combined deficiency in FC, 
NOR, MWM, marble burying, and social preference para-
digms observed in AT-1 Tg mice has been described in other 
mouse models of ASD (Gkogkas et al., 2013; Kouser et al., 
2013; Dere et al., 2014; Lugo et al., 2014; Pucilowska et al., 
2015; Speed et al., 2015). Because chromosomal duplications 
of the 3q25.31 locus, which harbors AT-1/SLC33A1, have 
been associated with ASD and intellectual disability (see later 
in the Discussion section), we conclude that AT-1 Tg mice 
display an autistic-like phenotype.

Tg mice demonstrate changes in neuronal morphology and 
aberrant synaptic plasticity
We next sought to investigate whether increased expression of 
AT-1 in neurons would lead to morphological and/or synap-
tic changes that could explain the behavioral phenotype. We 
found that cultured neurons from AT-1 Tg mice displayed a 
drastic increase in the number of dendritic branches and spines 

compared with WT controls (Fig.  4, A–D). Similar results 
were obtained in vivo by analyzing hippocampal tissue from 
6-mo-old mice (Fig. 4 E), thus confirming that overexpres-
sion of AT-1 causes drastic changes in neuronal morphology.

Alterations in neuronal function were assessed by hip-
pocampal slice electrophysiology. Long-term potentiation 
(LTP) and its counterpart, long-term depression (LTD), are 
believed to be correlated with cognitive function, and it is 
has been demonstrated that a balance between LTP and LTD 
must be present in order for normal learning and memory 
formation to occur (Feldman, 2009; Huganir and Nicoll, 
2013). We found that AT-1 Tg mice display increased levels of 
hippocampal LTP elicited by Theta burst stimulation (3xTBS; 
Fig. 4 F) and significantly reduced LTD induced by paired 
pulse low-frequency facilitation (Fig. 4 G) when compared 
with nonTg WT controls. Changes in spine morphology and 
concomitant altered synaptic plasticity similar to AT-1 Tg 
mice have been observed in several animal models of neu-
rological disorders (Auffret et al., 2009; Auerbach et al., 2011; 
Amini et al., 2013; Neuhofer et al., 2015). Importantly, when 
exposed to Dox during development to repress expression of 
the transgene, AT-1 Tg mice displayed neither electrophysio-
logical nor morphological changes (unpublished data).

To better understand the mechanisms driving the ob-
served changes in neuron structure and activity in AT-1 Tg 
mice, we selected target proteins known to be involved in 
neuronal outgrowth and synaptic plasticity, and compared 
expression levels in the hippocampi of Tg and WT mice 
(Fig. 4 H). Neurexin1, Neuroligin3, and Rap2a were selected 
as indicators of dendritic branching and synapse formation 
(Craig and Kang, 2007; Kawabe et al., 2010). AMPA2/3/4, 
mGluR5, synaptogyrin1, synapsin3, and Rab12 were selected 

Figure 3.  Repression of AT-1 by Dox pre-
vents cognitive deficits and autistic-like 
social behaviors. (A) Schematic view of the 
experimental setting. Mice were tested 6 mo 
after suspension of Dox and induction of AT-1. 
(B) Contextual FC of Dox-treated AT-1 Tg mice 
(WT, n = 12; AT-1 Tg, n = 12). (C) NOR of Dox-
treated AT-1 Tg mice (WT, n = 12; AT-1 Tg, n 
= 12). (D) Marble burying task of Dox-treated 
AT-1 Tg mice (WT, n = 13; AT-1 Tg, n = 12). 
Number of marbles that were at least 50% 
covered (total) and number of marbles that 
were completely buried (100%) are shown. 
Student’s t test and one-way ANO​VA, followed 
by Tukey-Kramer multiple comparisons test. 
Bars represent mean ± SD.
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Figure 4.  AT-1 Tg animals display changes in neuronal morphology and imbalanced synaptic plasticity. (A–D) Morphological assessment of 
hippocampal neurons in culture. Phalloidin staining (top) and unbiased computer-driven reconstruction (bottom) of both WT and AT-1 Tg neurons 
(A and B) are shown. Sholl analysis (C) and spines quantification (D) are shown. Bars, 25 µm. Number of determinations for Sholl analysis: WT, n = 
4; AT-1 Tg, n = 5. Number of independent segments analyzed for spine density: WT, n = 16; AT-1 Tg, n = 36. (E) Golgi staining of the hippocampus 
from 6-mo-old WT and AT-1 Tg mice. Bar, 50 µm. (F) 3xTBS induced LTP in WT and AT-1 Tg mice. (G) paired pulse low-frequency facilitation LTD 
in WT and AT-1 Tg mice. (H–J) Western blot of selected relevant proteins. List and function of targeted proteins (H), quantification (I; n = 5), and 
representative Western blots (J) are shown. GAP​DH served as loading control. *, P < 0.05; **, P < 0.005; #, P < 0.0005. Student’s t test and one-way 
ANO​VA, followed by Tukey-Kramer multiple comparisons test; for LTP and LTD, repeated measures ANO​VA, followed by Bonferroni post hoc tests. 
Bars represent mean ± SD.
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as markers of pre- and postsynaptic plasticity (Chia et al., 
2013; Alvarez-Castelao and Schuman, 2015; Martenson and 
Tomita, 2015). We found that a majority of these proteins 
were significantly up-regulated in postsynaptic densities of 
Tg animals compared with controls (Fig. 4, I and J). Similar 
results were also obtained by mass spectrometry (Table S2).

AT-1 Tg animals display widespread proteomic changes
Recognized functions of Nε-lysine acetylation include regula-
tion of expression, activity, molecular stabilization, and confor-
mational assembly of a protein (Kouzarides, 2000). Proteomic 
studies have shown that a wide range of proteins undergoes 
Nε-lysine acetylation within the lumen of the ER; they in-
clude both ER-resident and -transiting proteins with a variety 
of biological functions (Choudhary et al., 2009; Pehar et al., 
2012b). We have previously shown that changes in expression 
and activity of AT-1 have profound effects on the ER acetyl-
ation profile; specifically, increased activity leads to increased 
acetylation of ER cargo proteins (Jonas et al., 2010), whereas 
reduced activity has the opposite effect (Peng et al., 2014).

To dissect the molecular mechanisms of the AT-1 Tg 
phenotype, we first resolved the neuron-specific ER acety-
lome of the adult AT-1 Tg brain. The analysis identified 395 
acetylation sites on 152 proteins (Table S1) involved in dif-
ferent biological pathways, as assessed by the PAN​THER 
classification system (Fig. 5 A). STR​ING analysis identified 
six major clusters (Fig. 5 B), all highly relevant to our ob-
served phenotype, suggesting that the increased acetylation of 
proteins may have consequences for neuronal outgrowth and 
adhesion, synaptic activity and structure, cell surface trans-
porters, and protein synthesis.

To further elucidate the impact of increased AT-1 ac-
tivity on protein expression, we conducted large-scale liquid 
chromatography coupled to tandem mass spectrometry (MS) 

analysis to identify global changes in the proteome of AT-1 
Tg animals. We found that in hippocampal tissue, 476 pro-
teins were up-regulated in Tg mice compared with CamK2 
controls (Table S2). CamK2 mice were selected as the control 
group to correct for possible nonspecific variations in protein 
expression. Identified proteins were responsible for a variety 
of biological functions (Fig. 6 A). STR​ING analysis at 90% 
confidence revealed eight clusters that were highly correlated 
to the observed clusters in the acetylome data (Fig. 6 B).

When viewed globally, the acetylome (Fig. 5) and pro-
teome (Fig. 6) data identify four major biological functions: 
(1) protein translation and quality control; (2) transport of 
synaptic vesicles, assembly of synaptic connections, and regu-
lation of synaptic activity; (3) neuronal migration, outgrowth 
and adhesion; (4) mitochondria activity, specifically electron 
transport chain, tricarboxylate acid cycle, and acetyl-CoA 
metabolism. Therefore, these data suggest that the increased 
influx of acetyl-CoA into the ER lumen in AT-1 Tg mice 
affects proteins related to synaptic plasticity, neuron structure, 
transporter activity, and protein synthesis.

AT-1 Tg mice display increased efficiency 
of the secretory pathway
The proteome data (Fig. 6) indicated that 163 out of 476 pro-
teins up-regulated in AT-1 Tg mice are either membrane or 
secreted proteins that are normally translated on the ER sur-
face and inserted into the secretory pathway (Table S2). Al-
though they are involved in different biochemical and cellular 
functions, STR​ING analysis revealed that the great majority 
of them are tightly related to synaptic plasticity (unpublished 
data), thus highlighting the significance of these proteins for 
our observed phenotype.

We recently reported that the ER-based acetyltrans-
ferases, ATase1 and ATase2, associate with the oligosaccharyl 

Figure 5.  Analysis of the brain-specific ER acetylome in AT-1 Tg mice. (A) PAN​THER analysis of identified acetylated ER-cargo proteins. Proteins 
were grouped based on biological functions. (B) Clusters of highly related proteins identified by STR​ING analysis. Proteins were grouped based on biological 
function. Analysis was done in triplicate. See Table S1.
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transferase complex to acetylate correctly folded glycopro-
teins (Ding et al., 2014). Studies conducted with two type I 
membrane glycoproteins suggest that Nε-lysine acetylation 
might regulate efficiency of transport along the secretory path-
way (Costantini et al., 2007; Mak et al., 2014). To investigate 
whether increased influx of acetyl-CoA into the ER lumen 
can indeed cause global changes in the efficiency of transport in 
the secretory pathway, we used human neuroglioma (H4) cells 
overexpressing AT-1. Cells were labeled with azide-modified 
mannosamine (ManNAz), which is metabolically incorporated 
into sialic acid–containing glycoproteins while they traffic 
through the secretory pathway (Laughlin and Bertozzi, 2007). 
Sialic acid is the last sugar to be attached to the oligosaccharide 
chain; both the Golgi-membrane cytidine monophosphate-si-
alic acid transporter and the Golgi-resident sialyltransferase are 
located in the trans-Golgi (Hirschberg et al., 1998). Only na-
scent glycoproteins that have successfully reached the trans-
Golgi can be sialylated (Hirschberg et al., 1998). Therefore, 
ManNAz can specifically determine efficiency of trafficking of 
newly synthesized glycoproteins. The results show a dramatic 
increase in the levels of nascent glycoproteins as a result of AT-1 
overexpression (Fig. 7 A). To account for possible changes in 
protein translation, we also labeled cells with O-propargyl-pu-
romycin (OPP), an alkyne analogue of puromycin that incor-
porates into newly translated proteins. The results revealed a 
significant increase in rate of protein biosynthesis (Fig. 7 B). 
However, normalization of ManNAz (rate of transport) and 
OPP (rate of biosynthesis) labeling still showed increased deliv-
ery of secretory glycoproteins to the cell surface (Fig. 7 C). Im-
portantly, OPP incorporation does not discriminate between 
secretory and nonsecretory proteins, whereas ManNAz does. 
Therefore, we can conclude that although increased translation 
can partially account for the increased levels of secretory pro-
teins in AT-1 Tg mice, increased efficiency of transport along 

the secretory pathway is likely to play a major role. To support 
the studies conducted with ManNAz, we also determined lev-
els of cell-surface biotinylated proteins. Again, we found a sig-
nificant increase in AT-1–overexpressing cells (Fig. 7 D). Using 
a cell-impermeable reagent to biotinylate primary amines can 
be used as a reliable readout of steady-state levels of cell-sur-
face proteins. Biotin labeling does not visualize secreted pro-
teins or proteins that localize to intracellular organelles (i.e.; 
Golgi apparatus, lysosomes, etc.). Therefore, in contrast to 
ManAz labeling, it underestimates the efficiency of the secre-
tory pathway. However, the biotin read-out (Fig. 7 D) is con-
sistent with the ManAz results (Fig. 7 A). Finally, to confirm 
the aforementioned conclusions, we also determined ManNAz 
incorporation in mouse embryo fibroblasts (MEFs) generated 
from AT-1S113R/+ mice. AT-1S113R is a mutant version of AT-1 
associated with a familial form of spastic paraplegia (Lin et al., 
2008) and is deficient in acetyl-CoA transport activity (Peng 
et al., 2014). As a result, AT-1S113R/+ mice represent a model of 
AT-1 haploinsufficiency (Peng et al., 2014). As expected, we 
observed a significant reduction in levels of cell-surface gly-
coproteins in AT-1S113R/+ MEFs (Fig. 7 E), thus supporting the 
conclusion that influx of acetyl-CoA into the ER lumen regu-
lates efficiency of trafficking of secretory glycoproteins.

When taken together, the above results suggest that 
AT-1 Tg mice have increased delivery of ER cargo proteins 
to the cell surface. The same animals also have increased levels 
of 163 proteins that are translated on the ER and insert into 
the secretory pathway (Table S2). It is likely that these two 
findings are functionally related and that they play an import-
ant role in the observed mouse phenotype.

Increased activity of AT-1 leads to mitochondria adaption
In addition to changes in the efficiency of the secretory path-
way, the proteomics results (Fig. 6 and Table S2) revealed a 

Figure 6.  AT-1 Tg animals display widespread proteomic changes. (A) PAN​THER analysis of up-regulated proteins. (B) Clusters of related proteins 
identified by STR​ING analysis at high confidence (90%). Proteins were grouped based on biological functions. Analysis was done in triplicate. See Table S2.
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marked up-regulation of proteins related to three important 
mitochondrial functions: electron chain transport, tricar-
boxylate acid cycle, and acetyl-CoA metabolism (Fig. 8 A). 
It is worth remembering that the ER imports acetyl-CoA 
from the cytosol and that the cytosolic pool of acetyl-CoA 
is largely supplied by the conversion of mitochondria-de-
rived citrate into acetyl-CoA (Pehar and Puglielli, 2013; Pi-
etrocola et al., 2015). Given the increased influx of cytosolic 
acetyl-CoA into the ER lumen, caused by the overexpres-
sion of AT-1, we hypothesized that levels of cytosolic acetyl- 
CoA would be decreased in AT-1 Tg mice, forcing the mi-
tochondria to compensate by generating more citrate for 
cytosolic conversion. To test this hypothesis, we initially de-
termined acetyl-CoA levels in the cytosol of AT-1–overex-
pressing H4 cells. The results showed a significant reduction 
when compared with control cells (Fig. 8 B), supporting the 
conclusion that the increased flux into the ER lumen is able 

to affect the cytosolic pool of acetyl-CoA. To assess whether 
this conclusion could be extended to the in vivo settings, we 
also analyzed the cytosol recovered from total hippocampal 
tissue (Fig.  8  C), as well as isolated adult cortical neurons 
(Fig.  8  D) of AT-1 Tg mice. Again, we observed a signifi-
cant reduction of acetyl-CoA levels when compared with 
WT mice. Importantly, two crucial proteins that allow cross-
talk between mitochondria and cytosolic acetyl-CoA were 
also found to be up-regulated in our proteomics analysis: the 
mitochondrial carrier citrate transporter (Slc25a1) and Acly 
(Table S2). Slc25a1 is the mitochondria membrane trans-
porter that translocates citrate to the cytosol, whereas Acly 
is a cytosolic-based enzyme that converts mitochondria- 
derived citrate into acetyl-CoA by using cytosolic CoA and 
ATP (Pehar and Puglielli, 2013; Pietrocola et al., 2015). Inter-
estingly, Acss2 (also known as AceCS), which contributes to 
the synthesis of cytosolic acetyl-CoA through the condensa-

Figure 7.  AT-1 Tg mice display increased efficiency of the secretory pathway. (A) Incorporation of ManNAz into sialic acid–containing glycoproteins 
to assess efficiency of trafficking of newly synthesized glycoproteins. H4(-), transfected with empty vector; H4(AT-1wt), transfected with AT-1wt. (H4(-), n = 
8; H4(AT-1wt), n = 9). (B) Incorporation of OPP to determine rate of protein biosynthesis. (H4(-), n = 21; H4(AT-1wt), n = 25). (C) Normalization of ManNAz 
labeling per rate of OPP incorporation. (D) Western blot assessment of cell surface biotinylated proteins. Left, representative images; right, quantitation. 
(H4(-), n = 2; H4(AT-1wt), n = 2). (E) Incorporation of ManNAz into sialic acid–containing glycoproteins to assess efficiency of trafficking of newly synthe-
sized glycoproteins into MEFs generated from WT and AT-1S113R/+ mice. (MEF(WT), n = 35; MEF(AT-1S113R/+), n = 43). *, P < 0.05; #, P < 0.0005. Student’s t 
test. Bars represent mean ± SD.
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tion of acetate and CoA (Pehar and Puglielli, 2013; Pietrocola 
et al., 2015), was not found to be up-regulated (Table S2). 
It is worth stressing that although both Acly and Acss2 can 
generate acetyl-CoA, they carry out two different biochem-
ical reactions; they also respond to different inputs and elicit 
different biological functions (Wellen et al., 2009; Xu et al., 
2014). Therefore, our results would suggest that Acly, but not 
Acss2, is activated to ensure mitochondria adaptation in the 
AT-1 Tg mice. To investigate this further, we also determined 
mRNA levels of Slc25a1, Acly, and Acss2 in the hippocampus 
of AT-1 Tg mice. Again, Slc25a1 and Acly showed significant 
up-regulation, whereas Acss2 did not (Fig. 8 E).

Collectively, the aforementioned data (Fig. 8, B–E) sug-
gest that the increased transport of acetyl-CoA into the lumen 
of the ER reduces levels of cytosolic acetyl-CoA, leading to 
increased generation and delivery of citrate from the mito-
chondria, followed by increased conversion of citrate into 
acetyl-CoA (Fig. 8 F). Therefore, we interpret the up-regu-
lation of mitochondria-related pathways as a compensatory 
mechanism (here defined as mitochondrial adaptation) to the 
increased expression of AT-1.

The aforementioned findings raise the question of how 
mitochondria can sense cytosolic levels of acetyl-CoA. A pos-
sible explanation is that changes in the cytosolic pool of acetyl- 
CoA cause epigenetic changes, leading to transcriptional 
activation of targeted mitochondria enzymes. To test this 
possibility, we used a MS-based strategy to assess the post-
translational modification profile of histone proteins within 
the hippocampus of WT and AT-1 Tg animals. Previous stud-
ies have correlated acetyl-CoA availability to global epigen-
etic changes (Wellen et al., 2009). The MS results showed a 
significant increase in the acetylation of H3K27 accompa-
nied by a significant decrease in H3K27 methylation, indica-
tive of increased transcriptional activation in our Tg animals 
(Fig.  9  A and Table S3). Importantly, the MS data were 
confirmed by direct assessment of H3K27acetyl and H3K-
27trimethyl levels by immunoblotting (Fig. 9 B), suggesting 
that a significant portion of chromatin has “sensed” the al-
tered levels of acetyl-CoA.

When taken together, the aforementioned results sug-
gest that the H3K27 modification might serve as a “sensor” to 
rapidly respond to changes in cytosolic levels of acetyl-CoA 
by activating key mitochondria genes. To test this hypoth-
esis, we conducted chromatin immunoprecipitation (ChIP) 
analysis and probed for SLC25A1 and ACLY, which are key 
to the mitochondrial adaptation observed in AT-1 Tg mice 
(see Fig. 8 F). Again, we used ACSS2 as negative control. Im-
munoprecipitation with an anti-H3K27ac antibody resolved 
SLC25A1 and ACLY, but not ACSS2 (Fig. 9 C). When cou-
pled to quantitative real-time PCR (qPCR), the ChIP anal-
ysis revealed increased H3K27 acetylation of SLC25A1 and 
ACLY in AT-1–overexpressing H4 cells (Fig. 9 D). These re-
sults correlate to the increased mRNA levels of both genes 
shown in Fig.  8  E. To assess whether these findings could 
be extended to the in vivo settings, we performed the same 

analysis with total hippocampal tissue (Fig. 9 E) and isolated 
adult cortical neurons (Fig. 9 F) of AT-1 Tg mice. Again, we 
found increased H3K27 acetylation of Slc25a1 and Acly, 
when compared with WT mice.

In conclusion, these findings suggest that the enhance-
ment in acetylation at the H3K27 site directly modifies ex-
pression of genes related to mitochondrial activity, providing 
a selective, targeted mitochondrial adaptation to changes in 
cytosolic levels of acetyl-CoA.

DIS​CUS​SION
Here, we report that mice that overexpress human AT-1 
display cognitive deficits, autistic-like social behavior, aber-
rations in synaptic plasticity, increased number of dendritic 
spines and branches, and widespread proteomic changes. We 
also report that AT-1 activity regulates the efficiency of the 
secretory pathway as well as cytosolic levels of acetyl-CoA, 
which in turn leads to epigenetic modulation of the histone 
epitope H3K27 and mitochondrial adaptation. In conclu-
sion, our results indicate that increased neuronal expression 
of AT-1 can cause an autistic-like phenotype by affecting 
key metabolic pathways.

Nε-lysine acetylation occurs on both ER-transiting and 
-resident proteins with a wide array of biological functions 
(Choudhary et al., 2009; Pehar et al., 2012b; Fig. 5). Lysine 
acetylation is emerging as a novel mechanism that contrib-
utes to ER-based quality control; proteins that are properly 
folded are acetylated and proceed through the secretory path-
way, whereas proteins that are not acetylated are retained and 
degraded (Costantini et al., 2007; Ding et al., 2014; Mak et 
al., 2014). The ER-based acetylation machinery requires the 
membrane transporter AT-1 (Jonas et al., 2010) and at least 
two acetyltransferases (Ko and Puglielli, 2009).

Heterozygous and homozygous mutations in AT-1/
SLC33A1 have been identified in patients with familial spas-
tic paraplegia (Lin et al., 2008) and developmental delay/
premature death (Huppke et al., 2012), respectively. Chro-
mosomal duplications affecting the 3q25.31 locus harboring 
AT-1/SLC33A1 have been associated with ASD and intel-
lectual disability (Sanders et al., 2011; Prasad et al., 2012; 
Krumm et al., 2013). Additionally, a short chromosomal gain 
that covered only two genes, AT-1/SLC33A1 and GMPS, was 
found in children with autism, seizure, abnormal electroen-
cephalogram, and facial dysmorphism (Swisshelm, K., et al. 
2014. ASHG Annual Meeting, San Diego, CA). Although not 
definitive, the aforementioned genetic association supports a 
causative role of AT-1 in ASD. Importantly, chromosomal du-
plications of 17p13.1 (harboring SLC13A5), 22q11.21 (har-
boring SLC25A1), and 17q21.2 (harboring ACLY) have also 
been associated with ASD (Sanders et al., 2011). SLC13A5 
is the cell surface citrate transporter that translocates citrate 
from the extracellular milieu to the cytosol; SLC25A1 is the 
mitochondria membrane citrate transporter that translocates 
citrate from the mitochondria to the cytosol; and ACLY is 
the enzyme responsible for converting cytosolic citrate into 
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acetyl-CoA. In conclusion, these individual genetic associ-
ations affecting SLC14A5, SLC25A1, ACLY, and AT-1/
SLC33A1 seem to suggest a model where increased supply 
and movement of acetyl-CoA into the ER lumen is tightly 

linked to ASD. This model is supported by the phenotype of 
AT-1 Tg mice reported here. It is also worth mentioning that, 
like SLC33A1 (Huppke et al., 2012), mutations in SLC13A5 
and SLC25A1 have also been associated with developmen-

Figure 8.  Mitochondrial adaptation in AT-1 
Tg mice. (A) STR​ING analysis of mitochondria 
proteins found to be up-regulated in AT-1 Tg mice. 
Individual clusters are identified with different 
colors. Original data are shown in Table S2. (B) 
Cytosolic levels of acetyl-CoA in H4 cells. H4(-), 
control/empty vector; H4(AT-1WT), overexpressing 
WT AT-1. Results are expressed as percent of H4(-). 
(H4(-), n = 10; H4 (AT-1WT) n = 11). (C) Cytosolic 
levels of acetyl-CoA in total hippocampal tissue. 
(WT, n = 6; AT-1 Tg, n = 6). (D) Cytosolic levels of 
acetyl-CoA in isolated adult neurons. (WT, n = 3; 
AT-1 Tg, n = 3). (E) mRNA levels of Slc25a1, Acly, 
and Acss2 in the hippocampus of AT-1 Tg mice. 
(WT, n = 7; AT-1 Tg, n = 6). (F) Schematic summary 
of results showing the mitochondrial adaptation 
that results from the increased influx of acetyl- 
CoA into the ER in AT-1 Tg mice. *, P < 0.05. Stu-
dent’s t test. Bars represent mean ± SD.
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tal delay of the brain (Thevenon et al., 2014; Hardies et al., 
2015; Prasun et al., 2015). In addition, single variants on sev-
eral other genes that are directly or indirectly related to the 
citrate-acetyl-CoA metabolic pathway have been identified 
in ASD cohorts. Some of them have also been associated with 
developmental delay and epileptic encephalopathy. These 
include SLC16A3, SLC16A7, SLCA1, SLCA2, SLC25A12, 
SLC25A14, SLC25A24, and SLC25A27 (Sanders et al., 2011).

The molecular basis behind the observed AT-1 Tg phe-
notype involves increased transport of acetyl-CoA into the 
lumen of the ER, likely causing changes in the ER acetylome, 
as well as in the efficiency of the secretory pathway. The abil-
ity of Nε-lysine acetylation to regulate activity and/or levels 

of modified proteins is well documented (Kouzarides, 2000; 
Pehar and Puglielli, 2013; Pietrocola et al., 2015). Both the 
acetylome (Fig. 5) and the proteome (Fig. 6) identified a large 
set of proteins that are implicated in cellular functions that 
could immediately explain the Tg mouse phenotype, specif-
ically: neuronal migration and adhesion, neurite outgrowth, 
transport of synaptic vesicles, assembly of synaptic connections, 
and regulation of synaptic activity. Therefore, it is conceivable 
to assume that the increased influx of acetyl-CoA, and conse-
quent changes in the ER acetylome and in the efficiency of the 
secretory pathway, is the primary cause of ASD-like phenotype.

The characterization of the AT-1 Tg phenotype also 
revealed that the animals display decreased levels of cyto-

Figure 9.  The mitochondrial adaptation in 
AT-1 Tg mice is driven by a specific epi-
genetic activation. (A) Mass spectrometry 
quantification of posttranslational modifica-
tions of histone proteins in the hippocampus 
of AT-1 Tg mice. Global changes on H3K27/
K36 are shown on the left and changes in the 
acetylation and methylation profile of H3K27 
are shown on the right (WT, n = 3; AT-1 Tg, 
n = 3). (B) Western blot assessment show-
ing acetylation and methylation of H3K27 in 
AT-1–overexpressing H4 cells. Selected images 
are shown on the left panel and quantification 
(n = 4) is shown on the right. (C) ChIP analysis 
of SLC33A1, ACLY, and ACSS2 after immuno-
precipitation (IP) with an anti-H3K27ac anti-
body. IP was done in H4 cells. (left) Sheared 
DNA; (right) ChIP-amplification. Analysis was 
performed in quadruplicate. (D) ChIP-qPCR 
showing H3K27 acetylation of SLC25A1 and 
ACLY in H4 cells. Results are expressed as 
fold of H4 (-) (H4(-), n = 5; H4(AT-1WT), n = 
5). (E) ChIP-qPCR showing H3K27 acetylation 
of Slc25a1 and Acly in total hippocampal tis-
sue. Results are expressed as fold of WT (WT, 
n = 3; AT-1 Tg, n = 3). (F) ChIP-qPCR showing 
H3K27 acetylation of Slc25a1 and Acly in iso-
lated adult neurons. Results are expressed as 
fold of WT (WT, n = 3; AT-1 Tg, n = 3). IP in 
D–F was performed with an anti-H3K27ac an-
tibody. *, P < 0.05; **, P < 0.005; #, P < 0.0005. 
Student’s t test and one-way ANO​VA followed 
by Tukey-Kramer multiple comparisons test. 
Bars represent mean ± SD.
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solic acetyl-CoA and, as a result, mitochondrial adaptation. 
This adaptive mechanism appears to be driven by epigenetic 
changes on H3K27. Importantly, we did not detect wide-
spread epigenetic changes (Table S3). This is likely a result of 
the compensatory activity of Acly; indeed, silencing of ACLY 
in mammalian cells causes global changes in histone acetyl-
ation (Wellen et al., 2009). Whether the mitochondria adap-
tation participates in the observed phenotype remains to be 
fully determined. The fact that genes, such as SLC13A5 and 
ACLY, which can alter cytosolic levels of acetyl-CoA with-
out affecting mitochondria activity directly, might be linked 
to ASD (discussed above) would suggest that mitochondria 
have limited impact. However, genes such as SLC25A12 and 
SLC25A1, which immediately influence acetyl-CoA pro-
duction or delivery from the mitochondria, have also been 
linked to ASD. Therefore, the role of mitochondria might be 
more complex than expected. It is also possible that cross-
talk exists between mitochondria, cytosol, and ER so that ei-
ther increased supply (from mitochondria and/or cytosol) or 
movement of acetyl-CoA into the ER lumen causes ASD. In 
conclusion, the specific role of the mitochondria citrate path-
way and of the cytosolic citrate/acetyl-CoA pools in ASD 
remains to be fully dissected.

Although increased efficiency of the secretory pathway 
seems to be logically connected to increased expression of 
proteins related to synaptic plasticity and learning and mem-
ory formation, a majority of proteins identified by mass spec-
trometry do not insert into the secretory pathway. However, 
the dramatic increase in dendritic spine and branch formation 
observed in our animals would require targeted (and second-
ary) up-regulation of cytosolic and nuclear proteins related 
to neurite outgrowth. Establishing synaptic densities would 
also require the activation of cytosolic scaffolding and adaptor 
proteins that support the structural integrity of the synapse 
as well as regulate signal transduction pathways. Indeed, our 
proteomic assessment found significant increase of cytosolic 
proteins that are involved in different aspects of the aforemen-
tioned biological pathways.

In conclusion, our studies have revealed that both de-
creased (Peng et al., 2014) and increased (present study) AT-1 
activity affect neuronal biology. In particular, the data shown 
here have linked increased AT-1 activity to ASD, and eluci-
dated a novel aspect of acetyl-CoA metabolism that affects 
learning and memory, synaptic plasticity, protein expression, 
mitochondrial activity, and epigenetics. Further studies are 
necessary to determine whether changes in AT-1 activity at 
various points in the lifespan of the mouse will induce signif-
icant changes in neuronal morphology and behavior.

MAT​ERI​ALS AND MET​HODS
Generation of AT-1 Tg mice
cDNA encoding human AT-1 was isolated by BamHI and 
EcoRV digestion from Topo-AT-1 constructs and subcloned 
into pTRE-Tight vector (Takara Bio Inc.). TRE-AT-1 Tg lines 
were generated by injection of linearized pTRE-Tight vector 

(Takara Bio Inc.) containing AT-1 cDNA into the pronucleus of 
fertilized eggs from FVB mice. Monogenic pTRE-AT-1 mice 
were backcrossed to WT C57BL/6 mice for five generations, 
and then bred to CamK2a-tTA mice (B6.Cg-Tg(Camk2a- 
tTA)1Mmay/DboJ; The Jackson Laboratory), generating 
nonTg WT, Camk2a-tTA monogenic, TRE-AT-1 mono-
genic, and CamK2a-tTA;TRE-AT-1 (referred to as AT-1 Tg) 
mice. Genotyping from tail DNA was performed using the 
following primers: AT-1 forward (5′-AAT​CTG​GGA​AAC​
TGG​CCT​TCT-3′), AT-1 reverse (5′-TAT​TAC​CGC​CTT​
TGA​GTG​AGC​TGA-3′), Camk2a-tTA forward (5′-CGC​
TGT​GGG​GCA​TTT​TAC​TTT​AG-3′), and Camk2a-tTA re-
verse (5′-CAT​GTC​CAG​ATC​GAA​ATC​GTC-3′).

Animal experiments were performed in accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals, and were approved by the Insti-
tutional Animal Care and Use Committee of the University 
of Wisconsin-Madison and the Madison Veterans Administra-
tion Hospital. Unless specified, WT littermates were used as 
control throughout our study.

Cell cultures
Mouse embryonic fibroblasts (MEFs) from WT and  
AT-1S113R/+ mice were previously described (Peng et al., 2014), 
and AT-1–overexpressing H4 (human neuroglioma) cells were 
previously described (Jonas et al., 2010; Pehar et al., 2012b). 
MEFs and H4 cells were maintained in DMEM supple-
mented with 10% FBS and 1% Penicillin/Streptomycin/Glu-
tamine solution (Mediatech, Inc). G418 was used as selection 
marker in H4AT-1 cells (Jonas et al., 2010; Pehar et al., 2012b).

Adult neurons were isolated as previously described 
(Cahoy et al., 2008). In brief, mouse brains were quickly 
removed and digested with Neural Tissue Dissociation kit 
(Miltenyi Biotec) and gentleMACS Dissociators (Miltenyi 
Biotec). After enzymatic and mechanical dissociation, the 
cell suspension was passed through a 40-µm cell strainer and 
washed with HBSS. The pellets were spun down at 300 g for 
10 min and resuspended with buffer from a Neuron Isolation 
kit (Miltenyi Biotec). Non-neuron cells were removed by 
using Non-Neuron Cells Biotin-Antibody Cocktail (Miltenyi 
Biotec), followed by Anti-Biotin MicroBeads (Miltenyi Bio-
tec). After magnetic separation with QuadroMACS Separator 
(Miltenyi Biotec), the neuronal cells were collected as the un-
labeled fraction from the flow-through part.

Primary neuronal cultures were generated from E17-
E18 mice. The isolated hippocampus was digested in 0.25% 
trypsin-EDTA (Gibco) for 15 min at 37°C, followed by trit-
uration into a single-cell suspension with fire-polished glass 
pipettes. The dissociated cells were resuspended in the plat-
ing medium (Dulbecco's modified Eagle's medium with 
10% FBS). The cells were plated onto coverslips precoated 
with poly-d-lysine (100 µg/ml; Sigma-Aldrich) at a density 
of 150 cells/mm2. 4 h after plating, media was changed to a 
serum-free neurobasal medium supplemented with 2% B27 
(Gibco) and 0.5 mM GlutaMAX (Invitrogen). Media was 
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changed every 3 d. Cultures were maintained in 37°C and 
5% CO2 incubator for up to 21 d. For immunocytofluores-
cence analysis, cultures were fixed with 4% paraformaldehyde 
and immunostained with NeuN antibody (clone A60; 1:100; 
EMD Millipore) and tetramethyl rhodamine isothiocyanate 
(TRI​TC)-labeled phalloidin (0.5 µg/ml; Sigma-Aldrich). 
Nuclei were counterstained with DAPI.

Behavioral analysis
All behavioral tests were conducted and analyzed by an ex-
perimenter blind to the genotype of the mice. Unless indi-
cated, mice were approximately 6-mo-old when tested.

MWM.� The test consisted of eight blocks of testing over 4 d, 
followed by a probe trial. The first day, mice were briefly ex-
posed to the pool to test swimming capabilities. Each mouse 
received two blocks of testing per day for 4 d, and each block 
was comprised of four sequential trials, for a total of 32 train-
ing trials. Each trial, the mouse was placed into the pool at a 
different start location and allowed to swim until it either 
located the platform, or reached the end of the 60-s trial. 
Behavior was monitored by an overhead camera and Noldus 
Ethovision software. If the mouse did not locate the platform 
within the 60-s time limit, it was gently placed on the plat-
form and allowed to rest and look around for a few seconds 
before beginning the next trial. On the final day of testing, 
after completing the eighth block of testing, mice were ex-
posed to the pool for a probe trial. For this trial, the platform 
was removed, and swimming behavior was monitored for 60 s.

NOR.� Each mouse received five sequential 6-min trials, with a 
3-min inter-trial interval. The first trial allowed the mouse to 
acclimate to the empty arena, with no objects presented. Trials 
two to four were training trials with four objects presented 
within the arena. For the testing trial, one randomly selected 
object was removed and replaced with a novel object. This 
trial was videotaped and subsequently analyzed by a trained 
observer blind to both mouse condition and the identity of 
the novel object. Time spent investigating all objects was used 
as total investigative time; the time spent exploring each ob-
ject was expressed as percentage total investigative time. All 
objects used were pretested to guarantee no innate preference, 
and the novel object was rotated through a pool of these objects.

FC.� Mice were tested in the delay FC paradigm to assess con-
textual memory formation. On day 1, mice were exposed to a 
6-min training protocol, which consisted of two 30-s pairings 
of 87 dB white noise and a 1.5-s 0.7 mA shock, with an in-
ter-trial interval of 2 min. On day 2, 22 h after exposure to the 
training protocol, mice were tested for conditioning to context. 
Mice were placed back in the chambers in which they origi-
nally received the shock for 5 min, but no stimuli (noise or 
shock) were presented. Percent freezing during each portion of 
the FC paradigm was calculated by the FreezeFrame 3 software 
(Coulbourn) using video feed and a motion index.

Marble burying.� The marble burying paradigm was used to 
assess repetitive behaviors. Each mouse was placed into a 
clean cage with extra bedding and 20 black marbles arranged 
in a grid pattern. After 30 min of exploration in the cage, the 
number of marbles completely buried in the bedding and the 
number of marbles buried >50% were counted.

Social interaction.� The social interaction test was used to as-
sess autistic-like social behaviors in the AT-1 Tg mouse model. 
The test was conducted in a three-chambered arena with a 
central compartment and two side compartments. The test 
consisted of three trials, each 10 min in length, run consecu-
tively. In the first trial, the experimental mouse was exposed 
to an empty arena and allowed to explore freely. In the second 
trial, a male juvenile mouse was placed in a mesh cup in one 
side chamber of the box and an identical empty mesh cup was 
placed in the opposite side chamber of the box to provide a 
neutral object control. The mesh cup allowed for visual and 
scent cues, but prevented aggressive behavior between the 
mice. During the third trial, the juvenile stimulus mouse from 
trial two was kept in the test arena, and a novel juvenile male 
mouse was placed in a cup in the opposite chamber. All trials 
were videotaped and used for subsequent analysis. Investiga-
tion time was scored by a trained observer blind to genotype.

Assessment of neuronal morphology
Confocal images of cultured neurons were uploaded and 
analyzed in Imaris 8 (Oxford Instruments) using Filament-
Tracer module. Filaments and spines were traced, segmented, 
and assigned using semiautomatic and manual detection 
methods. Two-dimensional rendering of cells was created 
based on FilamentTracer analysis in Imaris, using cylinder 
display. Data were extracted into Prism 6 (Graphpad), and 
statistical significance was determined by performing Stu-
dent’s t test and ANO​VA.

Golgi staining
Brains were harvested from 6-mo-old mice and Golgi stained 
using the FD Neurotech Golgi kit. In brief, brains were im-
mersed in equal parts solution A and solution B and allowed to 
sit for 2 wk. Brains were moved into solution C for 72 h, and 
then sliced to 100 µM thickness using a sliding microtome.

Electrophysiology
Extracellular recordings of field excitatory postsynaptic po-
tentials (fEPSP), were measured from acute hippocampal 
slices (400 µm) prepared as previously described (Pehar et al., 
2010). In brief, enameled bipolar platinum–tungsten-stimu-
lating electrodes were placed along Schaffer collaterals, and 
fEPSPs were recorded with ACSF-filled recording electrodes 
(2–4 MOhm) from area CA1 stratum radiatum. Baseline re-
sponses were set to an intensity that evoked an fEPSP with 
a slope of 50% that of the maximum evoked response. For 
LTP, 3x theta burst (3xTBS) consisted of a total of three trains 
of 10 bursts (each burst consisting of four stimulations at a 
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frequency of 100 Hz) with an interburst interval of 200 ms. 
For LTD, paired pulse low frequency stimulation consisted of 
900 pairs of stimuli with a 50-ms paired pulse interval. Input/
output curves were performed before and at the end of LTD 
recordings to ensure slice health. Data were analyzed by two-
way ANO​VA (treatment and time) with repeated measures 
(mixed model) and Bonferroni post-hoc tests.

Postsynaptic densities (PSDs)
Hippocampal tissue was homogenized in Tris-acetate buffer 
(50 mM, pH 7.4) containing 100 µM EGTA, 0.32 M su-
crose, and protease and phosphatase inhibitors. Homogenate 
was centrifuged at 1,000  g for 10 min. Supernatants were 
then centrifuged at 14,000 g for 20 min, and the resulting 
pellet was defined as the crude synaptosomal fraction. Syn-
aptosomes were resuspended in Tris-acetate buffer. To pu-
rify the PSDs, the synaptosomal fraction was diluted with 
20 mM Tris-HCl, pH 6.0, and 0.1 mM CaCl2 containing 
1% Triton X-100, mixed for 20 min at 4°C on a plate 
rocker, and then centrifuged at 25 p.s.i. for 20 min using 
an air-driven ultracentrifuge (Airfuge; Beckman Coulter). 
The pellet was resuspended in 20  mM Tris-HCl, pH 8.0, 
and 0.1 mM CaCl2 containing 1% Triton X-100. Samples 
were mixed again for 20 min at 4°C on the plate rocker, 
and then centrifuged on the Airfuge (25 p.s.i.) for 20 min. 
The insoluble pellet containing the PSD fraction was sus-
pended in Tris-acetate buffer (50  mM, pH 7.4, 100  µM 
EGTA, and 0.32  M sucrose and proteases inhibitors) and 
stored at −80°C until use.

Immunoblotting
Western blotting was performed on a 4–12% Bis-Tris SDS-
PAGE system (NuPAGE; Invitrogen) as previously described 
(Costantini et al., 2006; Pehar et al., 2010; Peng et al., 2014). 
The following primary antibodies were used in this study: 
Neurexin 1 (1:1,000; Thermo Fisher Scientific; #18730) 
Neuroligin 3 (1:1,000; Thermo Fisher Scientific; #18849); 
Rap2a (1:1,000; Thermo Fisher Scientific; #23298); Synapsin 
3 (1:1,000; Thermo Fisher Scientific; #25658); AMPA2/3/4 
(1:1,000; Cell Signaling Technologies; #2460), mGluR5 
(1:3,000; EMD Millipore; #76316); Gapdh (1:5,000; 
EMD Millipore; #2302); Synaptogyrin 1 (1:1,000; Abcam; 
#113886); Rab12 (1:1,000; Abcam; #170046); Psd-95 
(1:1,000; Cell Signaling Technologies; #2507); S100 (1:1,000; 
Abcam; #4066); Iba1 (1:1,000; Wako; #016-20001); βIII Tu-
bulin (1:1,000; Abcam; #18207); L1CAM (1:1,000; Abcam; 
#24345); NFL160 (1:5,000; Abcam; #9034); H3K27ac 
(1:1,000; Active Motif; #39134); and H3K27met (1:1,000; 
Active Motif; #39157). HRP-conjugated anti–mouse or 
anti–rabbit secondary antibodies were used for chemilumi-
nescent detection (ImageQuant LAS4000; GE Healthcare); 
goat anti–rabbit Alexa Fluor 680–conjugated or anti–mouse 
Alexa Fluor 800–conjugated secondary antibodies were used 
for infrared imaging (LIC​OR Odyssey Infrared Imaging 
System; LI-COR Biosciences).

Proteomics studies and mass spectrometry
ER acetylome.� The neuron-specific acetylome was deter-
mined as previously described (Pehar et al., 2012b). In brief, 
adult neurons were isolated with the gentle MACS Dissocia-
tor (Miltenyi Biotec). Proteins were digested with trypsin be-
fore high-resolution high-accuracy LC-MS/MS analysis at 
the Mass Spectrometry facility at the University of Wiscon-
sin-Madison. Peptides and proteins were identified with the 
Mascot search engine (Matrix Science) via automated data-
base searching of all tandem mass spectra. The output of the 
MS analysis was further processed to select proteins that insert 
into the secretory pathway.

Proteomics.� Hippocampi of three pairs of Tg and control 
mice were dissected and two hippocampi from the same 
mouse were placed into the same 1.5-ml tube and stored in 
–80°C until homogenization. A 200 µl aliquot of lysis buffer 
(8 M urea, 100 mM Tris-HCl, and protease inhibitor cocktail) 
was added to each tube, the bottom of which was immersed 
in the ice bath. Next, tissues were immediately sonicated by 
Sonic Dismembrator (Model 120; Thermo Fisher Scientific) 
at 120 W output with three bursts that each lasted 45 s each. 
Tissues were allowed to cool on the ice bath for 30 s after 
each burst. The protein concentration was determined by 660 
nm protein assay and 10 µg protein of each sample was 
used for tryptic digestion.

The protein of each sample was denatured with 8 µl of 
8 M urea that was diluted by 50 mM ammonium bicarbonate 
buffer and reduced by 1 µl of 0.50 M DTT by incubation 
at 37°C for 1  h. After incubation, the reduced sample was 
alkylated by 2.7 µl of 0.55 M IAA and kept in the dark for 
15 min. 1 µl of 0.50 M DTT was applied to quench the IAA 
alkylating reaction for 10 min. 70 µl of 50 mM ammonium 
bicarbonate was used to dilute the urea to a final concentra-
tion of 1 M, and 0.5 µg trypsin was subsequently added into 
the solution. The protein digestion reaction was incubated for 
18 h at 37°C, and subsequently quenched by 2.5 µl of 10% 
formic acid. The solid phase extraction of the tryptic peptides 
were performed by Varian 100 µl C 18 Omix Tips (Agilent). 
The peptides were sequentially eluted with 60 µl 50% ACN 
in 0.1% formic acid, dried by SpeedVac, and reconstituted 
with 9 µl 0.1% formic acid. 1 µl 1 µM enolase digestion stan-
dards were spiked into each sample as internal standards.

Online reversed phase liquid chromatography separa-
tion of the tryptic peptides was performed on a nanoAcquity 
UPLC (Waters Corp.), and subsequently analyzed with Q Ex-
active quadrupole orbitrap mass spectrometer (Thermo Fisher 
Scientific). The chromatographic separation was performed by 
mobile phase A that consisted of 0.1% formic acid in water and 
mobile phase B with 0.1% formic acid in ACN. 1 µl of each 
sample was injected onto a custom-packed column that was 
made by silica tubing (360 µm o.d., 75 µm i.d.) with emitter 
tips pulled by a laser puller. The column was packed with Wa-
ters 150 Å, 1.7 µm, BEH C18 material. The LC gradient started 
with 5% B and increased to 30% B over 120 min at a flow rate 
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of 350 nl/min. Ions were generated under positive electrospray 
ionization (ESI) at 2.8 KV capillary voltage; 275°C capillary 
temperature; 30% collision energy via high-energy collision 
dissociation (HCD). MS1 scans were acquired over m/z 200–
2,000 at 70 k resolution and data-dependent tandem MS scan 
were acquired via selection of the top 10 most abundant pre-
cursor ions by HCD fragmentation with an isolation window 
of m/z 2.0 at a resolution of 17,500. Other parameters include: 
automatic gain control 1 × 10−5; maximum ion injection time, 
100 ms; dynamic exclusion enabled with unassigned, +1, and 
greater than +8 charges ignored for MS/MS selection. Each 
sample was analyzed as technical triplicates.

Tryptic peptide identification was performed via Pro-
teome Discoverer 1.4 (Thermo Fisher Scientific). FAS​TA file 
was downloaded from Uniprot’s reference database of Mus 
musculus (release 2014_08) with manually added yeast eno-
lase fasta file (SwissProt P00924). Other parameters include: 
allowed missed cleavage, 1; enzyme, trypsin; fixed modifica-
tion, carbamidomethylation of cysteine (+57.0215 D); vari-
able modification, oxidation of methionine (+15.9949 D); 
peptide mass tolerance, 10 ppm; fragment mass tolerance, 0.1 
D. q value was set to achieve 1% false discovery rate via Perco-
lator to verify the identified peptides, and the results were fil-
tered by high confidence peptide identification. For label-free 
quantification of acquired data, SIE​VE (Version 2.1; Thermo 
Fisher Scientific) was applied. The following parameters were 
used in the peak alignment and frame generation: m/z min 
= 300; m/z max = 1,500; frame time width = 6.0 min; frame 
m/z width = 0.02 D; retention time start = 15 min; retention 
time stop = 90 min; and peak intensity threshold = 10,000. 
Alignment was validated using the spiked enolase tryptic 
peptides with accurate m/z and retention time. Proteins with 
P < 0.05 were selected.

Histone extraction and LC-MS/MS analysis.�  Quantification 
of histone posttranslational modifications was performed as 
recently described (Krautkramer et al., 2015). Hippocampi 
were dounced in ice-cold nuclear isolation buffer (10 mM 
Tris-HCl, 10 mM NaCl, 3 mM MgCl2, and 0.15% NP-40), 
and nuclei were pelleted by centrifugation. Histones were 
acid extracted from nuclei, derivatized with propionic anhy-
dride, and trypsinized as previously described (Lin and Garcia, 
2012). Histone peptides were injected onto a Dionex Ulti-
mate3000 nanoflow HPLC with a Waters NanoEase C18 
column (100 µm × 15 cm, 3 µm) coupled to a Thermo Fisher 
Scientific Q-Exactive mass spectrometer at 700 nl/min using 
a 2–35% gradient of acetonitrile. Histone modifications were 
identified and quantified using the MaxQuant (v 1.4.1.2). 
Spectra were searched against the human SwissProt database 
using a 20 ppm mass tolerance for the first search and a 4.5 
ppm mass tolerance for the main search. The enzyme was 
specified as ArgC with zero missed cleavages. Variable modifi-
cations were set as follows: acetyl(K), butyryl(K), dimethyl(K), 
propionlyl(K), trimethyl(K), and propionyl(peptide N termi-
nus). A reverse decoy database was generating within Max-

Quant, and the false discovery rate was set to <0.01 for 
peptide spectrum matches, proteins, and modification sites.

Changes in protein expression as identified by mass 
spectrometry were further analyzed using the Protein ANal-
ysis THrough Evolutionary Relationship (PAN​THER) gene 
list analysis (Mi et al., 2013) and STR​ING 10 software (Sz-
klarczyk et al., 2015) to highlight protein–protein interactions.

Acetyl-CoA determinations
Cytosol was isolated from total hippocampal tissue, iso-
lated adult cortical neurons, and H4 cells using differential 
centrifugation as previously described (Ko and Puglielli, 
2007; Pehar et al., 2014). Acetyl-CoA was measured using 
the PicoProbe kit (Abcam).

Trafficking of secretory proteins
Nascent glycoproteins were labeled using Click-It ManNAz 
(Life Technologies) and visualized using the Click-It Cell 
Reaction kit (Life Technologies). Biotinylated cell surface 
proteins were isolated using the Cell Surface Protein Isolation 
kit (Thermo Fisher Scientific) and visualized by Western blot 
with Streptavidin-HRP (1:10,000). Rate of protein biosyn-
thesis was assessed using the Click-It Plus OPP Alexa Fluor 
488 Protein Synthesis Assay kit (Life Technologies).

ChIP analysis
Control and AT-1–overexpressing H4 cells were cultured in 
complete medium in 150-mm Petri dishes until ∼70% conflu-
ent. The cells were then fixed by the addition of 280 µl of 37% 
formaldehyde (Sigma-Aldrich) to 10 ml of culture medium 
for 10 min at 37°C, harvested, and processed for ChIP using 
a commercially available kit (Active Motif). H3K27-DNA 
immune complexes were precipitated with a polyclonal anti-
body against H3K27ac (Active Motif). PCR was performed 
using primer sets for Acly, Slc25a1, and Acss2 centered on the 
first exon region. Primer sets used were as follows: Acly: 5′-
GCT​TAG​CCT​GTG​AGC​TGAT-3′ (Sense), 5′-AGG​TGG​
TGC​AGA​TGT​ACT​TG-3′ (AntiSense); Slc25a1: 5′-GAA​
TGG​GTC​GTG​GTC​TCA​GTAG-3′ (Sense), 5′-CTG​CTA​
GGA​TTG​CCT​TCCC-3′ (AntiSense); Acss2: 5′-AAG​AGC​
GGC​AGT​GGA​AG-3′ (Sense), 5′-TTC​GAT​CCA​GCA​CGT​
TGT​AG-3′ (AntiSense). No antibody and normal IgG served 
as internal negative controls.

Real-time PCR
Real-time PCR was performed using the Roche 480 light-
cycler and Sybr Green Real Time PCR Master Mix (Life 
Technologies). The cycling parameters were: 95°C, 10 s; 52°C, 
20 s; and 72°C, 30 s, for a maximum of 45 cycles. Controls 
without reverse transcription were included in each assay. 
PCR primers specific to each gene were: Slc25a1 and Acly 
(Bio-Rad Laboratories; Prime PCR assay); Acss2: 5′-AAG​
AGC​GGC​AGT​GGA​AG-3′ (sense), 5′-TTC​GAT​CCA​GCA​
CGT​TGT​AG-3′ (antisense); Gapdh: 5′-ACC​ACA​GTC​CAT​
GCC​ATC​AC-3′ (sense), 5′-TCC​ACC​ACC​CTG​TTG​CTG​
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TA-3′ (antisense). Expression levels were normalized against 
Gapdh levels and are expressed as percent of control.

Statistical analysis
Data analysis was performed using InStat 3.06 statistical soft-
ware (GraphPad). Data are expressed as mean ± SD. Unless 
otherwise specified, comparison of the means was performed 
using Student’s t test or one-way ANO​VA, followed by Tukey-
Kramer multiple comparisons test. Differences were declared 
statistically significant if P < 0.05. Unless otherwise specified, 
throughout the paper the following statistical significance is 
used: *, P < 0.05; **, P < 0.005; #, P < 0.0005.

Online supplemental material
Table S1 lists all acetylated peptides identified in the adult 
brain of AT-1 Tg mice. Table S2 provides the entire list of 
proteins identified by MS in the brain of WT and AT-1 
Tg mice. Table S3 lists all posttranslational modifications of 
histone proteins identified in WT and AT-1 Tg mice. Online 
supplemental material is available at http​://www​.jem​.org​/cgi​
/content​/full​/jem​.20151776​/DC1.
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