
Cellular/Molecular
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Dopamine is critical for processing of reward and etiology of drug addiction. Astrocytes throughout the brain express dopamine recep-
tors, but consequences of astrocytic dopamine receptor signaling are not well established. We found that extracellular dopamine trig-
gered rapid concentration-dependent stellation of astrocytic processes that was not a result of dopamine oxidation but instead relied on
both cAMP-dependent and cAMP-independent dopamine receptor signaling. This was accompanied by reduced duration and increased
frequency of astrocytic Ca2� transients, but little effect on astrocytic voltage-gated potassium channel currents. To isolate possible mechanisms
underlying these structural and functional changes, we used whole-genome RNA sequencing and found prominent dopamine-induced enrich-
ment of genes containing the CCCTC-binding factor (CTCF) motif, suggesting involvement of chromatin restructuring in the nucleus.
CTCF binding to promoter sites bidirectionally regulates gene transcription and depends on activation of poly-ADP-ribose polymerase 1
(PARP1). Accordingly, antagonism of PARP1 occluded dopamine-induced changes, whereas a PARP1 agonist facilitated dopamine-
induced changes on its own. These results indicate that astrocyte response to elevated dopamine involves PARP1-mediated CTCF
genomic restructuring and concerted expression of gene networks. Our findings propose epigenetic regulation of chromatin landscape as
a critical factor in the rapid astrocyte response to dopamine.
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Introduction
Astrocytes are a major subpopulation of the brain glial cells that
mediate multiple functions, including metabolic, ionic and pH

homeostasis, trophic support of neurons, antioxidant defense, the
establishment and maintenance of the blood– brain barrier, and
regulation of neuronal activity (Bushong et al., 2002; Fattore et
al., 2002; Perea et al., 2009; Freeman, 2010; Kandel et al., 2012;
Oberheim et al., 2012; Zamanian et al., 2012; Clark et al., 2013;
Clarke and Barres, 2013). Such functional diversity is accompa-
nied by morphological heterogeneity that varies with develop-
ment and across brain regions (Raff et al., 1983; Miller and Raff,
1984; Khakh and Sofroniew, 2015; Chai et al., 2017). For exam-
ple, astrocytic domain boundaries are observed later, but not
early in development (Bushong et al., 2004), and astrocytes in the
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Significance Statement

Although dopamine is widely recognized for its role in modulating neuronal responses both in healthy and disease states, little is
known about dopamine effects at non-neuronal cells in the brain. To address this gap, we performed whole-genome sequencing of
astrocytes exposed to elevated extracellular dopamine and combined it with evaluation of effects on astrocyte morphology and
function. We demonstrate a temporally dynamic pattern of genomic plasticity that triggers pronounced changes in astrocyte morphol-
ogy and function. We further show that this plasticity depends on activation of genes sensitive to DNA-binding protein CTCF. Our results
propose that a broad pattern of astrocyte responses to dopamine specifically relies on CTCF-dependent gene networks.
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striatum have significantly more processes than hippocampal as-
trocytes (Khakh and Sofroniew, 2015; Chai et al., 2017)

In cultured conditions, two astrocytic phenotypes have been
distinguished based on morphological characteristics: Type I cells
have a flat polygonal appearance with a “mesh” of intertwined
fine processes and resemble astrocytes populating gray matter;
and Type II cells have clearly defined thicker “stellated” processes
and resemble the astrocytes arranged along white matter tracts
(Raff et al., 1983; Oberheim et al., 2012). Standard protocols that
use serum-supplemented culture media result in predominantly
polygonal, Type 1 astrocytes. However, these astrocytes can be
transformed into a stellated morphology by exposure to cAMP
analogs (Moonen et al., 1975; Won and Oh, 2000; Paco et al.,
2016). The cAMP-induced morphological transformation occurs
within 2 h and is associated with decreased cell body area and
extension of distinct thick processes.

Dopamine (DA) may trigger cAMP production via activation
of D1-like DA receptors, expressed by astrocytes along with other
DA receptor subtypes (Khan et al., 2001; Miyazaki et al., 2004;
Mladinov et al., 2010; Shao et al., 2013; Nagatomo et al., 2017).
D1-induced production of cAMP has been linked to release of
astrocytic Ca 2� from internal stores, an important hallmark of
astrocyte-to-astrocyte, astrocyte-to-neuron, and astrocyte-to-
vasculature signaling (Chai et al., 2017; Jennings et al., 2017).
Indeed, both structural and functional astrocyte adaptations have
been reported in models of neurologic disease linked to dysregu-
lated DA signaling. For example, Parkinson’s disease is associated
with hypertrophy of astrocytic processes, a feature of reactive
astrocytosis (Booth et al., 2017), whereas cocaine use has been
linked to a reduction of astrocyte surface area and reduced inter-
action with synapses (Scofield et al., 2016). Furthermore, a num-
ber of studies have demonstrated that DA-induced increase in
astrocytic Ca 2� impacts cellular respiration mechanisms coupled
to PARP1 and sirtuin activation (Requardt et al., 2010, 2012;
Verdin, 2015; Gupte et al., 2017). PARP1 is a critical cofactor for
NAD�-dependent poly-ADP-ribosylation of CCCTC binding fac-
tor (CTCF), which promotes CTCF binding to target genes (Yu et
al., 2004; Ong et al., 2013; Han et al., 2017). Recent studies have
shown that CTCF regulates both chromatin remodeling (Wright
et al., 2016) and chromatin insulation (Yu et al., 2004; Ong et al.,
2013), thereby organizing transcriptional regulation of distinct
gene suites in response to cellular signaling. However, it is un-
known whether DA- or DA receptor-induced structural or
genomic changes are linked to PARP1/CTCF interaction.

In this study, we demonstrate that DA receptor signaling gen-
erates pronounced morphological changes in cultured astrocytes,
which rely on PARP1 activation and are accompanied by a dy-
namic regulation of the astrocyte transcriptome, including, most
prominently, specific enrichment of genes containing CTCF mo-
tifs in promoter regions. Our results highlight a novel PARP1/
CTCF-dependent mechanism that drives DA-induced morphological
changes and associated transcriptional profile in astrocytes.

Materials and Methods
Astrocyte cultures. Primary astrocytes were dissociated from hippocampi
of neonatal (postnatal day 1–2) Sprague Dawley rat pups. The heads were
removed and hippocampi dissected in Petri dishes filled with ice-cold
dissection medium composed of the following: Hanks Balanced Salt
Solution (without Ca 2�, Mg 2�, NaHCO3, or phenol red) supplemented
with 10 mM HEPES (both from Sigma-Aldrich). The dissected hip-
pocampi were finely chopped and dissociated by trypsin treatment (10
�l/ml; Invitrogen), followed by trituration with sterile glass pipettes.
Cells were plated on 12 mm glass coverslips, 6-well, or 24-well plates
coated with poly-L-lysine (50 �g/ml; Sigma-Aldrich). Cultures were

maintained in DMEM/F12 (Invitrogen) media supplemented with 10%
FBS and stored in an incubator at 37°C (5% O2/95% CO2) for 10 –14 d
(DIV 10 –14). This protocol produces astrocyte-enriched cultures with
86 � 0.02% of all cells staining positive for the astrocyte marker GFAP.

Immunocytochemistry. The cells were washed twice in PBS, pH 7.4,
fixed in 4% PFA (10 –20 min; Affymetrix), and then washed with 1� PBS
three times. The cells were next treated with 0.3% Triton-X (Sigma-
Aldrich) for 15 min and washed once with 1� PBS. Nonspecific staining
was blocked with PBS, containing 0.1% Tween 20 (Thermo Fisher Sci-
entific) and 10% donkey or goat serum (Sigma-Aldrich) for 1–2 h at
room temperature. Coverslips were incubated with primary (mouse,
polyclonal) antibodies against GFAP (1:1000; 2HR RT, Millipore; Sigma-
Aldrich, MAB360), and then washed with 1� PBS three times. Fluores-
cent staining was then performed by incubating with secondary (donkey
anti-mouse) antibodies (1:1000; Invitrogen) conjugated to AlexaFluor-
488 (A11008) or AlexaFluor-594 (A21203) at room temperature in the
dark for 1 h. Cells were then washed three times with 1� PBS and coun-
terstained with DAPI (5 �g/ml; Invitrogen) for 5 min. Finally, coverslips
were rinsed once with distilled H2O and mounted on glass slides with
Prolong Antifade mounting medium (Invitrogen). Negative controls
omitting primary or secondary antibodies were included in all experi-
ments. Cells were examined under a widefield fluorescent microscope
(Eclipse E200, Nikon). Morphological analyses were conducted with Na-
tional Institutes of Health ImageJ software. For cell area measurements,
GFAP-positive cells were manually outlined and isolated from back-
ground by applying a color threshold. For analysis of stellation, all dis-
tinct primary processes extending directly from the cell body, thinner
than 40 pixels wide, and at least 30 pixels in length were counted.

RNA extraction/sequencing. Total RNA was extracted using TRIzol
(Invitrogen) and an RNeasy Mini Kit (QIAGEN) according to the man-
ufacturers’ instructions. For slice experiments, acute hippocampal and
striatal brain slices were prepared from 6- to 8-week-old Sprague Dawley
rats as described by Ortinski et al. (2015). Hippocampal and striatal tissue
was microdissected from slices before flash-freezing for further process-
ing. Samples were homogenized and incubated in TRIzol for 5 min
before addition of chloroform and brief vigorous shaking for 30 s. Fol-
lowing a 3 min incubation, samples were centrifuged at 4°C for 10 min at
maximum speed (�10,000 rpm). The aqueous phase was aspirated and
transferred to a microcentrifuge tube before addition of 70% EtOH,
centrifugation at �10,000 rpm for 15 s and collection of the precipitate
from the RNeasy mini column. This step was repeated after adding 700 �l
of Buffer RW1 and next 500 �l of Buffer RPE to the mini column. An-
other 500 �l of Buffer RPE was centrifuged for 2 min before the sample/
mini column underwent a 2 min “dry” spin and transferred to the final
collection tube. Last, 30 �l of DEPC water was used to elute the sample.
RNA samples were quantified using Spectrophotometer ND-2000 (Nano-
drop Technologies) and checked for quality and degradation by the 2100
Bioanalyzer (Agilent Technologies). All samples were of high quality
(RNA integrity number between 9.9 and 10). Strand-specific mRNA li-
braries were prepared using the TruSeq Stranded mRNA Library Prep Kit
(Set B, Illumina) and sequenced on the Illumina NextSeq500 in a paired-end
mode with read length of 2 � 75 bp.

Sequencing data preprocessing and analyses. To ensure there were no
sequencing errors, raw sequences were checked for quality using FastQC,
and then aligned to the rat genome (downloaded from iGenomes, Illu-
mina) using the STAR aligner program (Dobin et al., 2013). Aligned
SAM files from STAR were converted to BAM files using SAMtools (Li et
al., 2009). BAM files were processed for read summarization using
featureCounts (Liao et al., 2014), and the resulting read counts were
preprocessed by filtering out low read counts (read counts � 5) in R
software. Processed data were then analyzed for differential expression
using DESeq2 (Love et al., 2014) in R software. False discovery rate
(FDR � 0.05) was used to determine the threshold of p value for the
analysis.

Functional annotation/gene ontology analyses for biological function
were conducted using Panther classification system (www.pantherdb.
org) accessed in September-October, 2017. CTCF binding motif analysis
was performed using CTCFBSDB 2.0 (Ziebarth et al., 2013), a database
for CTCF binding sites and genome organization. Top 30 differentially
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expressed genes (15 downregulated and 15 upregulated) from each of the
treatment groups were extracted and then matched with the downloaded
CTCF binding motif database. This analysis was completed in R software.

qRT-PCR. Oligonucleotide primers were designed using the NCBI
Primer-Designing tool, checked for specificity via the BLAST database,
and supplied by Eurofins Genomics. The following primers were used:
FosB (forward: ctcccctaccctcgatatttg; reverse: gcccatctccccaatattaaa);
Pde10A (forward: tgtgggacatcctgttttga; reverse: cgacagacaggcaattagca);
Ap1s3 (forward: ctctaagggtccgctgtacg; reverse: agcacccagaacaaaacacc),
Gpr83 (forward: acaggggttgactgaaccag; reverse: aagtggtgggagagggttct),
Nr4a3 (forward: tgctctggtcctcatcactg; reverse: tccagcttgaggcaaaagat), and
Klf4 (forward: gggagggaagaccagagttc; reverse: accaagcaccatcgtttagg). For
each primer tested, 1000 �l of primer mix contained the following: 200 �l
of 100 �M forward primer, 200 �l of 100 �M reverse primer, and 600 �l of
DEPC H2O. Samples were diluted to 500 ng/�l with DEPC water before
undergoing cDNA synthesis. For each sample, 10 �l of 2� SYBR Green
Mix (Applied Biosystems, Thermo Fisher Scientific), 4 �l of DEPC H2O,
and 1 �l of cDNA sample were prepared and subsequently mixed with 5
�l of primer mix for a total volume of 20 �l before pipetting into a
385-well plate. Real-time PCR was performed using Bio-Rad CFX384
Real-Time PCR Detection System. For all genes, the cycling parameters
were as follows: initial denaturation at 95°C for 3 min, 40 cycles of 95°C
for 20 s, and final cycle of 60°C for 20 s. Transcript measurements in each
sample were done in triplicates. The mRNA levels were determined using
the 2 ���CT method (Livak and Schmittgen, 2001) and target genes were
normalized to the housekeeping genes GAPDH or hypoxanthine phos-
phoribosyltransferase. Expression values were normalized to GAPDH
and reported as a fold change.

Ca2� imaging. Astrocyte cultures were incubated with 5 �l of GFAP-
driven GCamp6f virus (AAV5.GfaABC1D.cytoGCamp6f.SV50, Add-
gene #52925, packaged by the University of Pennsylvania Vector Core)
for 3–5 d before imaging at DIV 10 –14. Coverslips were transferred to a
recording chamber continuously perfused (2–3 ml/min) with recording
solution composed of the following (in mM): 145 NaCl, 5 KCl, 1 MgCl2,
1 CaCl2, 5 HEPES, 5 glucose, and 15 sucrose (all from Sigma-Aldrich)
adjusted to pH 7.4 with NaOH. Two-minute videos were acquired with
ORCA-Flash 4.0 (V2) digital camera mounted on an Olympus BX51WI
upright microscope equipped with an LED light source (X-Cite XLED1,
Excelitas Technologies). Videos were binned at 1024 � 1024 pixels and
collected at 25 frames/s. Background subtraction and fluorescent signal
measurements were done using ImageJ based on manual isolation of
individual cells as ROIs. Relative fluorescence intensity within each ROI
was calculated as dF/F0, where F0 is average fluorescence intensity in a 1 s
window of baseline fluorescence for each ROI identified in a back-
ground-subtracted image. Average amplitude and duration of Ca 2�

transients exceeding three SDs of baseline noise were calculated follow-
ing manually curated identification of individual events in Clampfit 10.4
(Molecular Devices). Ca 2� transient duration was expressed for each cell
as half-width, the time between two frames on either side of the peak that
are first to reach 50% of peak amplitude relative to baseline. Event fre-
quency for each cell was calculated as total number of identified events
per 2 min video.

Electrophysiology. Coverslip-plated astrocytes were viewed in a perfu-
sion chamber under an upright microscope (Olympus BX51WI) with
infrared differential interference contrast optics and a 40�water-immersion
objective. Recording solution was the same as described for Ca 2� imag-
ing. Recording pipettes were pulled from borosilicate glass capillaries
(World Precision Instruments) to a resistance of 4–7 M�when filled with the
intracellular solution. The intracellular solution contained the following
(in mM): 145 potassium gluconate, 2 MgCl2, 2.5 KCl, 2.5 NaCl, 0.1
BAPTA, 10 HEPES, 2 Mg-ATP, and 0.5 GTP-Tris, adjusted to pH 7.2–7.3
with KOH, osmolarity 280 –290 mOsm. Currents were low-pass filtered
at 2 kHz and digitized at 20 kHz using Digidata 1440A acquisition board
(Molecular Devices) and pClamp10 software (Molecular Devices). Po-
tassium (K �) currents were recorded in voltage-clamp mode (Vholding 	
�80 mV). Access resistance (10 –30 M�) was monitored throughout
each recording by injection of 10 mV hyperpolarizing pulses; data were
discarded if access resistance changed 
25% over the course of data
collection. Following seal rupture, series resistance was compensated

(65%–75%). Inward rectifying K � currents were evoked by a series of 10
mV, 40-ms-long steps from �180 mV to �80 mV following a 200 ms
prestep to 0 mV. Outward K � currents were evoked by a series of 10 mV,
500-ms-long voltage steps from �80 to 80 mV following a 100 ms prestep
to �110 mV or �50 mV. Outward delayed rectifier K � currents were
measured following presteps to �50 mV. Outward A-type K� currents
were isolated by subtracting traces recorded following presteps to �50 mV
from those recorded following presteps to �110 mV. Inward rectifying K �

currents were measured at the end of the 40 ms step. Delayed rectifier and
A-type K � currents were measured at current peak. All measurements
were acquired using Clampfit 10 (Molecular Devices).

Data analyses and statistics. Statistical analyses were performed with
Excel 2016 (Microsoft) or Prism 6 (GraphPad Software). For immuno-
cytochemical, Ca 2� imaging, and electrophysiological experiments, cells
from a minimum of 3 different coverslips were analyzed for each re-
ported condition. For RNA seq, cells from 3 or 4 experimental replicates
were processed for analysis as described above. For qPCR validation of
RNA-seq data, one-way ANOVAs were used for each gene. In the hip-
pocampal and striatal slice experiments, planned comparisons predicted
effects of DA and/or DA antagonists compared with control condition;
thus, Student’s t tests were performed to determine significance. For
electrophysiological studies, mean peak K � current amplitude was ana-
lyzed with two-way repeated-measures ANOVAs with current amplitude
as a within-subject factor and drug treatment as a between-subject factor
followed by Bonferroni post hoc tests. Data were reported as mean �
SEM, and significance threshold was set at p � 0.05.

Results
Elevated DA leads to stellation of astrocyte processes
To examine effects of DA on astrocyte morphology, we evaluated
GFAP immunostaining following treatment with DA (75 �M) for
1, 24, and 48 h. This revealed a rapid and persistent DA-induced
stellation (Fig. 1A). Following 1 h of exposure, DA induced a 3.2-fold
increase in the number of primary processes and also significantly
reduced mean GFAP-positive (GFAP�) cell area to 81 � 5.6% of
control values (Fig. 1A,B). The increase in process number was
maintained following 24 and 48 h of treatment (253 � 23.8% and
266 � 16.8%, respectively). However, reduction in GFAP� area
recovered to control levels by the 48 h time point. Astrocytes
exposed to control media for 1, 24, or 48 h had similar stellation
and GFAP� area and were pooled together for analysis (Fig.
1A,B).

We next examined astrocyte response to DA concentrations in
the low nanomolar to low micromolar range, similar to the re-
ported brain DA levels (Smith et al., 1992; Zhang et al., 2009).
Process number was significantly increased to 169 � 12.6% of
control values following a 1 h treatment with the lowest DA con-
centration (0.1 �M) and continued to increase at a more modest
rate following treatments with 1, 10, and 75 �M DA (196 �
15.9%, 219 � 19.9%, and 236 � 17.6% of control values, respec-
tively; Fig. 2). Interestingly, the decrease in GFAP � area was
strongest after a 1 h treatment with 0.1 and 1 �M DA (62.4 �
4.4% and 62.9 � 5.1% of control values, respectively) but failed
to reach statistical significance after treatment with 10 or 75 �M

DA in this experiment (73.5 � 10.6% and 82.9 � 6.2% of control
values, respectively; Fig. 2). These results indicated that exposure
to elevated DA triggered a rapid, pronounced, and sustained
concentration-dependent stellation of astrocyte processes. DA-
induced reduction in GFAP� area was more variable between
cultures and had a distinctly different concentration dependence
profile.

Astrocyte stellation is mediated by DA receptors
DA can undergo oxidation in cell culture media, and oxidative
processes have been linked to changes in astrocyte morphology,
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including stellation (Clement et al., 2002; Pekny and Nilsson,
2005; Sofroniew, 2009; Vaarmann et al., 2010). Sodium meta-
bisulfite (SMBS) and N-acetyl-L-cysteine (NAC) can be used to
prevent oxidation of DA (Ortinski et al., 2015; Goldstein et al.,
2017). To examine whether oxidative processes play a role in
DA-induced astrocyte stellation, we pretreated the astrocyte
cultures with NAC (5 mM) in culture media for 15 min before
addition of DA (75 �M) for 1 h. This treatment did not prevent
stellation of astrocyte processes. We observed an average of 236 �
17.6% increase in number of processes for cells treated with DA
alone versus an average increase of 285 � 29.6% in number of
processes for cells treated with DA and NAC (Fig. 3A,B). GFAP�

cell area was reduced following NAC pretreatment (42 � 4.5% of
control levels) in excess of what was observed with DA alone
(82.9 � 6.2% of control levels). This suggests that, in the absence
of NAC, DA oxidation or background oxidative processes may
oppose DA-induced effects on GFAP� area. Pretreatment with
SMBS (50 �M), a different antioxidant, had similar effects: SMBS
failed to prevent DA-induced stellation but did facilitate reduc-
tion of GFAP� area (Fig. 3B).

To test whether DA-induced stellation required activation of
DA receptors, we examined the effects of pretreatment with the
D1-like DA receptor antagonist, SCH23390 (50 �M), or the D2-
like DA receptor antagonist, sulpiride (20 �M). Cells were pre-

treated with one or both antagonists for 15 min before addition of
DA (75 �M) for 1 h. The results indicated that DA-induced stel-
lation could be blunted by either D1-like or D2-like DA receptor
antagonists. Pretreatment with SCH23390 rescued a 257 � 15.7%
DA-induced increase in process number to 145 � 13.6% of con-
trol levels, whereas pretreatment with sulpiride rescued DA-
induced increase in process number to 166 � 14% of control
levels (Fig. 4A,B). Pretreatment with both SCH23390 and
sulpiride, surprisingly, was less effective in blunting DA-induced
stellation (193 � 21.2% of control values) than treatment with
either antagonist plus DA. We investigated the possibility that DA
could drive stellation through the Gq-PLC pathway-coupled D1/D2
heterooligomers (Lee et al., 2004; Rashid et al., 2007; Hasbi et al.,
2010; Beaulieu and Gainetdinov, 2011). A 15 min preincubation
with the membrane-permeable IP3 inhibitor, 2-aminoethox6ydiphe-
nylborane (2-APB; 50 �M), before the 1 h treatment with DA
blunted DA-induced stellation to 158 � 18.2% of control values
(Fig. 4B). Application of 2-APB alone had no effect on astrocyte
stellation (119 � 21.3% of control values) or GFAP area (77 �
7% of control values). GFAP� area was also not significantly
affected by any of the other treatments in this experiment (Fig.
4B). Together, these findings indicate that DA effects on astrocyte
stellation are attributable to DA receptor activation with both
D1- and D2-like receptors playing a role in this process. Addi-

Figure 1. Elevated extracellular DA induces morphological changes in astrocytes. A, Widefield images of astrocytes double-stained for GFAP (green) and DAPI (blue) in control conditions and after
exposure to DA (75 �M) for 1, 24, or 48 h (DA 1 h, DA 24 h, DA 48 h). DA induces a prominent increase in the number of primary processes (arrows). Scale bars, 75 �m. B, Quantification of the number
of primary processes and average GFAP � cell area. One-way ANOVA for number of processes (F(3,469) 	 56.64, p � 0.0001). One-way ANOVA for GFAP � area (F(3,469) 	 5.52, p 	 0.001).
Bonferroni post hoc: *p � 0.05 versus control. ***p � 0.001 versus control. #p � 0.05 versus DA 1 h. ##p � 0.01 versus DA 1 h. Control, n 	 179 cells; DA 1 h, n 	 152 cells; DA 24 h, n 	 58 cells;
DA 48 h, n 	 84 cells.

Figure 2. DA-induced stellation of astrocyte processes is concentration-dependent. A, Widefield images of GFAP � astrocytes following a 1 h exposure to 0.1, 1, 10, and 75 �M DA. Scale bars, 75
�m. B, Quantification of average number of primary processes and average GFAP � cell area. One-way ANOVA for number of processes (F(4,325) 	 11.54, p � 0.001). One-way ANOVA for GFAP cell
area (F(4,325) 	 5.266, p � 0.001). Bonferroni post hoc: *p � 0.05 versus control. **p � 0.01 versus control. ***p � 0.001 versus control. Control, n 	 67 cells; DA 0.1 �M, n 	 63 cells; DA 1 �M,
n 	 67 cells; DA 10 �M, n 	 54 cells; DA 75 �M, n 	 79 cells.
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tionally, we demonstrate a role for the IP3 receptor activation
downstream of DA receptor signaling. Finally, while oxidative
processes may play a role in DA-induced regulation of GFAP�

area, these effects are likely dissociable from DA-receptor medi-
ated stellation.

DA treatment elicits broad changes in
astrocyte transcriptome
Considering that DA treatment can trigger activation of multiple
pathways to induce rapid structural morphogenesis, we profiled
genome-wide transcriptional changes using RNA seq. We exam-
ined astrocyte transcriptomic changes following brief (20 min)
and extended (60 min) exposure to exogenous DA (75 �M). Brief
treatment with DA resulted in enrichment (log2fold values 
 2)
of 569 (116 downregulated, 453 upregulated) of 17,327 identified
genes. Extended treatment with DA resulted in enrichment of 159
(37 downregulated, 122 upregulated) of the 17,327 genes relative
to control levels. Figure 5A (volcano plot) shows RNA-seq results
from all treatment groups (control, 20 min, 60 min). Significantly
enriched genes (log2 fold change 
2) are color-coded in red (up-
regulated genes) and blue (downregulated genes) with FDR �
0.0001 (horizontal line). A number of genes with especially large
magnitude changes and p values are labeled. Gene ontology analysis
indicated that biological and developmental process regulation
accounted for 21.1% of differentially enriched transcripts in the 20
min treatment condition and for 18.8% of differentially enriched
transcripts in the 60 min treatment condition. Relevant to our mor-

phological findings, 6.2% of differentially enriched genes (DEGs) in
the 20 min condition were accounted for by “microtubule-
based,” “cell or subcellular component movement,” and “cell
projection organization” categories (Fig. 5B). None of these cat-
egories was represented in the 60 min condition, although 3.5%
of all DEGs were classified as responsible for “structure morpho-
genesis.” Relevant to astrocyte function, 40 genes were classified
as responsible for ion transport in the 20 min condition and 14
genes as responsible for calcium ion homeostasis in the 60 min
condition. Prominently represented within the ion transport cate-
gory were potassium channel genes: 8 of 40 total. Of those eight, six
genes coded for voltage-gated potassium channels.

Functional effects of chronic DA
We investigated whether astrocytic voltage-gated potassium chan-
nels, involved in regulation of K� ion homeostasis (Sontheimer,
1994), are affected by DA treatment. In whole-cell patch-clamp re-
cordings of cells exposed to control or DA-containing media for 60
min, we found no main effect of DA treatment on the amplitude
of the following: inwardly rectifying (Kir) currents (F(1,13) 	 1.5,
p 	 0.24), delayed rectifier (Kdr) currents (F(1,12) 	 1.44, p 	
0.25), or the A-type (IA) currents (F(1,11) 	 0.01, p 	 0.9) (Fig.
6Ai,Aii,Bi,Bii,Ci,Cii). The only significant effect was an interac-
tion between DA treatment and the injected voltage step for Kir

currents (F(18,234) 	 1.79, p 	 0.03) (Fig. 6Ai–Aii). When Kir, Kdr,
and IA data were normalized to the maximal current amplitude in
each cell, we observed no significant main effects of DA treatment

Figure 3. Oxidation of DA does not promote rapid stellation of astrocyte processes. A, Representative images of GFAP � astrocytes in the control conditions and following exposure to DA (75 �M)
and N-acetylcysteine (5 mM; DA � NAC). Scale bars, 75 �m. B, Quantification of number of primary processes and average GFAP � cell area following a 1 h exposure to control media, DA, DA with
NAC, or DA with SMBS (50 �M; DA � SMBS). One-way ANOVA for number of processes (F(3,222) 	 17.56, p � 0.001). One-way ANOVA for GFAP � area (F(3,222) 	 17.99, p � 0.001). Bonferroni post
hoc: ***p � 0.001 versus control. ###p � 0.001 versus DA. Control, n 	 67 cells; DA, n 	 79 cells; DA � NAC, n 	 41 cells; DA � SMBS, n 	 39 cells.

Figure 4. DA-induced morphological changes depend on activation of D1-like and D2-like DA receptors. A, Representative images of GFAP � astrocytes after a 1 h exposure to DA (75 �M) or after
exposure to DA in the presence of D1-like DA receptor antagonist SCH23390 (50 �M; DA�SCH), D2-like DA receptor antagonist, sulpiride (20 �M; DA�Sulp), or DA with the IP3 receptor antagonist,
2-APB (50 �M; DA � 2-APB). Scale bars, 75 �m. B, Quantification of number of primary processes and average GFAP � cell area. One-way ANOVA for number of processes (F(5,502) 	 14.15, p �
0.0001). One-way ANOVA for GFAP area (F(5,503) 	 1.777, p 	 0.1160). Bonferroni post hoc: *p � 0.05 versus control. ***p � 0.001 versus control. #p � 0.05 versus DA. ##p � 0.01 versus DA.
###p � 0.001 versus DA. Control, n 	 105 cells; DA, n 	 116 cells; DA � SCH, n 	 84 cells; DA � Sulp, n 	 70 cells; DA � SCH � Sulp, n 	 84 cells; DA � 2-APB, n 	 50 cells.
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or treatment by voltage interactions (Fig. 6Aiii,Biii,Ciii). The rest-
ing membrane potential (RMP) was not affected by DA treatment
(control RMP 	�67.58 � 1.72 mV; DA RMP 	�66.8 � 0.93 mV,
t(15) 	 0.3, p 	 0.75, Student’s t test). A decrease in membrane

capacitance after DA failed to reach statistical significance (control	
17.1 � 1.8 pF; DA 	 11.72 � 1.9 pF, t(16) 	 1.99, p 	 0.06). How-
ever, DA treatment significantly increased membrane resistance,
although this was highly variable between cells (control Rm 	

Figure 5. Transcriptomic effects of DA. A, Volcano plot of all DEGs in control, 20 min, and 1 h DA treatment conditions. Significantly enriched genes (log2 fold change 
2) are color-coded in red
(upregulated genes) and blue (downregulated genes) with FDR � 0.0001 (horizontal line). There is an abundance of immediate early gene family members among the highly upregulated genes.
B, A gene ontology analysis of over-represented “biological process” categories in the 20 min condition. The fraction of the total number of all over-represented (upregulated and downregulated)
genes is indicated for each category in parentheses.

Figure 6. DA treatment does not affect astrocytic voltage-gated potassium channels. Ai, Bi, Ci, Representative traces from astrocytes incubated in control- or DA (75 �M)-containing media
showing Kir (inwardly-rectifying), Kdr (delayed-rectifier), and IA (A-type) K � currents. Aii, Bii, Cii, Corresponding I–V plots illustrate mean amplitude � SEM of currents for each voltage-gated
conductance. Aiii, Biii, Ciii, Same as in Aii, Bii, Cii, but with currents normalized to maximal recorded current in each cell: Kir control (n 	 9 cells), DA (n 	 6 cells); Kdr control (n 	 8 cells), DA (n 	
6 cells); IA control (n 	 7 cells), DA (n 	 6 cells). The only significant difference is an interaction in Aii (see Results).
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77.6 � 36.35 M�; DA Rm 	 312.87 � 103.77 M�, t(13) 	 2.43, p 	
0.03, Student’s t test). The increase in Rm and the trend toward
decreased Cm are consistent with a reduction in GFAP� cell area
seen in immunocytochemical experiments.

Given the contribution of genes that regulate Ca 2� ion ho-
meostasis in the RNA seq data and functional relevance of intra-
cellular Ca 2�, we also evaluated astrocytic Ca 2� transients. To do
so, we monitored fluorescence of the GFAP-driven Ca 2� sensor,
GCamp6f, after exposing the cells to control or DA-containing
media for 60 –90 min. DA exposure had only a mild effect on the
amplitude of spontaneous Ca2� events reducing them from 4.7 �
1.1% of baseline fluorescence in control conditions to 2.9 � 0.5% of
baseline fluorescence after incubation with DA (p 	 0.08, Student’s
t test; Fig. 7A,B). However, we observed pronounced effects on du-
ration and frequency of astrocytic Ca 2� transients. In control con-
ditions, spontaneous Ca 2� events were long, lasting an average of
4.1 � 0.25 s and occurred at a frequency of 0.025 � 0.001 Hz.
Incubation with DA (75 �M) significantly reduced the duration
of spontaneous Ca 2� transients to 2.05 � 0.11 s (p 	 1 � 10�16,
Student’s t test), but increased their occurrence to 0.038 � 0.002
Hz (p 	 4.6 � 10�7, Student’s t test; Fig. 7A,C,D). A 10 min
preincubation with the IP3 receptor blocker 2-APB (50 �M) be-
fore the 60 min treatment with DA � 2-APB reduced the number
of cells displaying spontaneous Ca 2� transients (from 68% of
cells after DA alone to 19% of cells after DA � 2-APB), had no
effect on event amplitude or frequency, and led to a marked
decrease in event duration (Fig. 7B–D). Broad reduction in num-
ber of spontaneously active astrocytes is consistent with the IP3-
mediated Ca 2� release, although additive effects of DA and

2-APB on event duration may suggest also an IP3 receptor-
independent component (Agarwal et al., 2017). In Ca 2�-free me-
dia, a very small number of cells (5%, 4 cells) continued to display
spontaneous GCamp6f fluorescence. We observed a total of 11
fluorescence transients in Ca 2�-free media with amplitude, fre-
quency, and event duration similar to those measured in the
presence of 2-APB (Fig. 7B–D). Together, these results indicate
that a 60 min exposure to DA modulates duration and frequency
of astrocyte Ca 2� signals. However, DA treatment has little to no
effect on activity of astrocyte voltage-gated K� channels.

DA signaling in astrocytes triggers transcription of CTCF
target genes
Having confirmed gene ontology results that both morphological
and ionic regulatory processes were selectively induced by DA, we
further analyzed our RNA-Seq data for mechanistic indicators of
potential regulatory processes. To do this, we first plotted the top
differentially enriched transcripts from the control, DA 20 min,
and DA 60 min conditions in relation to each other (30 genes
from each category resulting in 67 distinct genes). This revealed a
clear effect of DA treatment and four temporally discrete patterns
of transcriptomic regulation (“off/on/off,” “on/off/off,” “on/off/
on,” and “off/off/on”; Fig. 8A). To support these results, we used
RT-PCR to evaluate levels of select differentially enriched tran-
scripts in a biological replicate. In line with RNA seq data, we
observed the expected regulation of FosB (off/on/off), Pde10a
(on/off/off), Ap1s3 (on/off/on), and Gpr83 (off/off/on) following
treatment with DA (Fig. 8Bi–Biv). It is notable that, in addition to
FosB, the “off/on/off” category prominently featured transient acti-

Figure 7. Effects of DA treatment on astrocytic Ca 2� signals. A, Representative “heat map” frames of GCamp6f fluorescence after a 1 h exposure to control (Ai) or DA-containing (Aii) media. Ca 2�

fluorescence traces for the three numbered astrocytes are presented below the image frames. Vertical dotted lines are drawn at intervals corresponding to the image frames. B, C, Cumulative
distribution histograms summarizing the effects of DA on amplitude and duration (half-width) of all recorded spontaneous Ca 2� transients: control (n 	 473 evens); DA (n 	 1429 events); DA �
2-APB (n 	 53 events); DA � 0 Ca 2� (n 	 11 events). Insets, Mean amplitude and duration of Ca 2� events averaged across all identified astrocytes: control (n 	 172 cells); DA (n 	 325 cells);
DA � 2-APB (n 	 15 cells); DA � 0 Ca 2� (n 	 3 cells). ***p � 0.001 versus control (Student’s t test). ###p � 0.001 versus DA (Student’s t test). D, Bar histogram illustrating DA-induced increase
in frequency of spontaneous Ca 2� transients. ***p � 0.001 (Student’s t test, t(504) 	 5.1).
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vation of other immediate early gene family members (e.g., Nr4a3,
Atf3, Egr1, Nr4a1, Egr4) among the top differentially enriched
transcripts.

We next examined whether DA regulates astrocytic gene ex-
pression ex vivo in hippocampal and striatal brain slices. To do
this, we examined genes present in our in vitro RNA sequencing
dataset but selectively enriched in astrocytes ex vivo as reported by
Zhang et al. (2014). Acute hippocampal and striatal slices were
exposed to DA (75 �M � 50 �M SMBS) for 20 min with or
without 10 min pretreatment with D1-like DA receptor antago-
nist, SCH23390 (50 �M), or the D2-like DA receptor antagonist,
sulpiride (20 �M). The results support our in vitro observations
that DA induces distinct patterns of transcriptomic regulation
of astrocyte-enriched genes. Exposure to DA led to a significant
increase in expression of Nr4a3 and significantly downregulated
expression of Klf4 in hippocampal slices (Fig. 9A). However, in
striatal slices, treatment with DA did not result in significant
differential regulation of any of the genes screened (Fig. 9B),
suggesting that there may be inherent differences among as-
trocytes from discrete brain regions. Furthermore, all DA-
induced alterations in gene expression were absent in those

slices preincubated with either D1-like or D2-like DA receptor
antagonists, confirming the role of both D1- and D2-like re-
ceptors in mediating DA effects on the astrocyte transcrip-
tome (Fig. 9 A, B).

In neurons, discrete gene activation patterns have been attrib-
uted to modifications in the chromatin accessibility landscape
(Su et al., 2017). One protein shown to dynamically coordinate
chromatin accessibility and genomic organization in the brain is
CTCF, which both regulates the 3D structure of chromatin as well
as defines the boundaries between active and heterochromatic
DNA (Phillips and Corces, 2009; Sams et al., 2016; Su et al., 2017).
To evaluate whether CTCF could mediate DA-elicited transcrip-
tomic changes in astrocytes, we examined promoters of the top
DEGs (Fig. 8A) for CTCF motifs. As shown in Figure 9C, the results
indicated that 70.15% of the top DEGs possessed a binding motif for
CTCF, a substantial increase from the expected genome-wide CTCF
binding site prevalence of �33% (Holwerda and de Laat, 2013).
Notably, genes with the CTCF motif included those validated by
qPCR in vitro (Figs. 8Bi–Biv) and ex vivo (Fig. 9A,B). Further-
more, all of the genes with the “on/off/on” pattern of DA-
induced transcriptional regulation possessed the CTCF binding

Figure 8. DA regulation of astrocyte transcriptome is heterogeneous and temporally dynamic. A, Clustergram characterizing top DEGs based on expression changes between treatments.
Bi–Biv, qPCR validation of representative genes from each class of the DEGs indicated in A. Data are mean � SEM. One-way ANOVAs: FosB (F(2,21) 	 7.2, p � 0.01); Pde10A (F(2,22) 	 14.6, p �
0.001); Ap1s3 (F(2,19) 	 4.4, p � 0.05); Gpr83 (F(2,20) 	 19.9, p � 0.001). Bonferroni post hoc: ***p � 0.001 versus control. **p � 0.01 versus control. *p � 0.05 versus control. ###p � 0.001
versus DA 20 min. #p � 0.05 versus DA 20 min.
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motif, whereas genes with the “off/off/on” pattern had the lowest
CTCF motif prevalence.

PARP1-mediated CTCF regulation recapitulates
morphogenic effects of DA
CTCF triggers transcriptional changes by interacting with PARP1
(Yu et al., 2004; Ong et al., 2013; Zhao et al., 2015; Han et al.,
2017), which has been implicated in behavioral and molecular
effects of cocaine (Scobie et al., 2014). PARP1 both facilitates
NAD�-dependent generation of ATP for chromatin remodeling
(Wright et al., 2016) and regulates CTCF binding to target genes
via NAD�-dependent poly-ADP-ribosylation of CTCF (Yu et al.,
2004; Ong et al., 2013; Han et al., 2017). Although there are no
direct pharmacological tools for CTCF, commonly used NAD�

precursors, nicotinamide and nicotinamide riboside, exhibit op-

posite effects on PARP1 activity due to their disparate effects on
SIRT1, the negative regulator of PARP1 (Bitterman et al., 2002;
Rajamohan et al., 2009; Sajish and Schimmel, 2015; Trammell et
al., 2016). This results in nicotinamide riboside acting as an “an-
tagonist” of PARP1 and, conversely, nicotinamide acting as an
“agonist” of PARP1. We took advantage of this distinction to
determine whether DA-induced morphological changes could be
linked to PARP1 activation. To accomplish this, astrocytes were
preincubated with nicotinamide (5 mM) or nicotinamide ribo-
side (1 mM) for 15 min before a 60 min incubation with DA (75
�M) or control media. Nicotinamide increased astrocyte stella-
tion and decreased GFAP� area in the absence of DA (Fig. 10). In
the presence of DA, nicotinamide enhanced stellation beyond
that seen with DA alone but maintained reduction in GFAP� area
at levels similar to that seen with DA alone. Nicotinamide riboside

Figure 9. DA exposure regulates astrocytically enriched CTCF response genes in rat hippocampal and striatal slices. A, qPCR analysis of astrocyte-enriched genes from hippocampal slices (n 	
9 –12 slice experiments from 7 rats). Data are mean � SEM. *p � 0.05. B, qPCR screening of astrocyte-enriched genes from striatal slice (n 	 9 –12 slice experiments from 7 rats). Data are mean �
SEM. *p � 0.05. C, CTCF binding motif analysis. Top, Donut chart represents CTCF binding motif analysis of all top DEGs. Bottom, Four charts represent similar analysis, but for each of the DEG classes
indicated in Figure 8A, with the validated genes in Figure 8B, Figure 9A, and Figure 9B included.
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had no effect on astrocyte stellation or GFAP� area when applied on
its own, but occluded changes in both stellation and GFAP� area
when applied in combination with DA (Fig. 10). Similarly, pre-
incubation with PARP inhibitor, 3-aminobenzamide (3-AB; 5
mM), completely blocked DA-induced stellation, but 3-AB had
no effect when applied on its own. However, 3-AB increased
GFAP� cell area when applied on its own or in combination with
DA (Fig. 10B). Another, more potent PARP1 inhibitor, AG-
14361 (10 �M), reduced DA-induced stellation (160 � 21.4% of
control values) but had no effect on GFAP� cell area (101 � 9.5%
of control values). When applied alone, AG-14361 had similar
effects on astrocyte stellation and GFAP� area as it did in com-
bination with DA (stellation: 142 � 18.7% of control; GFAP�

area: 127 � 38.1% of control). Together, these results indicate
that DA-induced morphological changes in cultured astrocytes
rely on PARP1 activation, resulting in recruitment of CTCF to
target genes and remodeling of astrocyte transcriptome.

Discussion
In this study, we used primary cultures and brain slices to char-
acterize morphological, molecular, genetic, and functional effects
of DA exposure on astrocytes. We found that elevated extracel-
lular DA induced pronounced stellation of astrocytic processes
and a reduction in astrocyte area positive for the intermediate
filament marker, GFAP. These DA effects were blunted by expo-
sure to DA receptor antagonists or by inhibition of PARP1, sug-
gesting a DA receptor-mediated, PARP1-dependent signaling as
the source of morphological changes. DA exposure altered astro-
cytic Ca 2� signaling but did not disrupt astrocyte regulation of K�

ion homeostasis at the level of voltage-gated K� channel function.
Critically, we demonstrated, for the first time, that CTCF target
genes are a prominent marker of astrocytic transcriptional response
to DA.

DA-mediated morphological changes
This study focused on two morphological features of cultured
astrocytes, primary process stellation and GFAP� area, as notable
responses to DA treatment (Fig. 1). Subsequent experimentation
revealed these two morphological measures to be dissociable. For
example, process stellation was strongest after treatment with
high DA concentrations, whereas increase in GFAP� area was
strongest after treatment with low DA concentrations (Fig. 2).
Similarly, profound suppression of GFAP� cell area following
combined treatment with DA and antioxidants contrasted with

the lack of changes in process number following a similar treat-
ment (Fig. 3).

Treatments with cAMP analogs have been observed to trigger
morphological changes in cultured astrocytes (Moonen et al.,
1975; Won and Oh, 2000; Paco et al., 2016). However, sensitivity
of astrocyte morphology to elevated DA has, to our knowledge,
only been reported in one other study (Koppel et al., 2018). In
that report, DA-induced stellation of cortical astrocytes was
blocked by propranolol, a � adrenoreceptor antagonist. Our
results support a direct role of DA receptors in regulation of
astrocyte morphology. Thus, we found that both D1-like recep-
tor antagonist, SCH23390, or D2-like receptor antagonist,
sulpiride, were effective at blunting DA-induced stellation of as-
trocyte processes (Fig. 4). The results with sulpiride were surpris-
ing given the classical notion that D2-like receptor activation
decreases cytoplasmic cAMP levels. A possible explanation could
involve a novel phosphatidylinositol-linked D1-like receptor found
in both astrocytes and neurons, which couples to PLC by G�q and
increases intracellular Ca2� levels (Ming et al., 2006; Liu et al., 2009).
Another explanation could involve an interaction of the antago-
nists with Gq-PLC pathway-coupled D1/D2 receptor heterooli-
gomers (Lee et al., 2004; Rashid et al., 2007; Hasbi et al., 2010;
Beaulieu and Gainetdinov, 2011; Jennings and Rusakov, 2016).
Indeed, we show that blockade of IP3 receptors activated down-
stream of PIP2 hydrolysis by PLC reduced DA-induced astrocyte
stellation. Therefore, our results suggest that cAMP increase may
not be necessary for DA-induced stellation.

Does DA induce astrocyte reactivity?
DA can oxidize in culture media (Clement et al., 2002), and reactive
oxygen species can trigger morphological changes in astrocytes, in-
cluding cell hypertrophy, swelling/thickening of processes, and in-
creased GFAP expression, collectively referred to as reactive
astrocytosis (Vaarmann et al., 2010). We also found individual
processes to be thicker following DA treatment; however, mor-
phological changes associated with DA exposure persisted in the
presence of antioxidants, NAC or SMBS, arguing against oxida-
tive process-mediated reactivity. Moreover, we observed vari-
able, but consistent, downregulation of GFAP� area (Figs. 1–4,
10), arguing against swelling of existing processes as mediators of
DA-induced morphological changes. Furthermore, RNA seq in-
dicated only small changes in GFAP transcript (log2fold value of
1.2 at 60 min of treatment with DA), a result that was confirmed
with qRT-PCR (data not shown). Finally, cross-referencing with

Figure 10. Nicotinamide recapitulates morphological effects of DA. A, Representative images of GFAP � astrocytes following exposure to DA and nicotinamide (DA�NAM), DA and nicotinamide
riboside (DA�NR), nicotinamide alone (NAM), or nicotinamide riboside alone (NR). Scale bars, 75 �m. B, Quantification of average number of primary processes and average GFAP � cell area.
One-way ANOVA for number of processes: F(7,324) 	 19.89, p � 0.001; one-way ANOVA for GFAP area: F(7,324) 	 15.79, p � 0.001; Bonferroni post hoc: *p � 0.05 versus control. **p � 0.01 versus
control. ***p � 0.001 versus control. ##p � 0.01 versus DA. ###p � 0.001 versus DA.
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published reactive astrocyte transcriptome, we found little to no
overlap with our RNA seq data. Of the top 100 reactive astrocyte
genes in Zamanian et al. (2012), three were enriched at above
log2fold level in our dataset (Gdf15, Srxn1, and Asns). Lcn2 and
Serpina3n identified as the prominent novel markers of astro-
cytic reactivity (Zamanian et al., 2012) displayed minimal
changes in our dataset after 1 h of treatment with DA (log2fold
values of 0.1 and �0.9, for Lcn2 and Serpina3n, respectively).
Therefore, in conjunction with prior studies that support anti-
inflammatory effects of DA (Beck et al., 2004; Shao et al., 2013;
Yan et al., 2015), we conclude that DA treatment did not promote
a reactive state that could account for the observed morphologi-
cal or transcriptome changes in our cultured astrocytes. This,
however, could be different for astrocytes that experience with-
drawal from elevated DA as reported in animals withdrawn from
experimenter or self-administered cocaine (Fattore et al., 2002;
Bowers and Kalivas, 2003).

Astrocyte sensitivity to duration of DA exposure
One line of evidence that supports duration of exposure as a
factor relevant to DA-mediated response comes from our func-
tional analysis of astrocyte Ca 2� signaling. Substantial evidence
indicates that DA plays a role in modulation of Ca 2� signaling in
astrocytes. Specifically, acute application of DA or DA receptor
agonists, such as SKF83959, to astrocytes in culture has generally
been found to induce elevations in cytosolic Ca 2� via an IP3-
mediated release from intracellular stores (Parpura and Haydon,
2000; Lee et al., 2004; Liu et al., 2009; Vaarmann et al., 2010;
Jennings and Rusakov, 2016; Jennings et al., 2017). Further, as-
trocytes from cortical and hippocampal cultures express a dis-
tinct phosphatidylinositol-linked D1-like receptor coupled to
PLC by G�q, which upon activation leads to an increase in intra-
cellular calcium levels (Liu et al., 2009; Ming et al., 2006). Our
results indicate that a 1 h treatment with DA decreased the dura-
tion and amplitude of Ca 2� transients, the majority of which
were dependent on IP3 receptor activation (Fig. 7). However, a
1 h DA treatment increased Ca 2� event frequency (Fig. 7). The
distinction between acute and chronic effects of DA receptor
stimulation has been reported in studies of NMDA-receptor me-
diated neuronal signaling (Schilström et al., 2006; Ortinski et al.,
2013, 2014). For example, Schilström et al. (2006) indicated that
a brief exposure to a D1 agonist, SKF81297, produces a delayed
increase in NMDA receptor-mediated currents with an even lon-
ger delay observed after blockade of DA transport. Given the
well-documented behavioral and molecular differences driven by
temporal pattern of exposure to elevated DA (Knackstedt et al.,
2010; Ortinski et al., 2012), understanding the extent of astrocytic
contribution to these differences is an important future direction.
Our sequencing data indicate that, even at relatively short time-
scales (20 vs 60 min), several distinct patterns of gene regulation
can be distinguished at the genomic level (Fig. 8). This is charac-
terized most prominently by a sustained upregulation of genes
involved in structure morphogenesis, kinase signaling, and signal
transduction following a long exposure to DA and a transient up-
regulation of immediate early genes after a brief exposure to DA.

DA regulation of astrocyte transcriptome
DA had distinct effects on the transcriptome of cultured astro-
cytes at 20 and 60 min after treatment. Additionally, we observed
that DA regulates expression of astrocyte-enriched transcripts in
acutely isolated brain slices and that these effects may be attenu-
ated by antagonists at D1- and D2-DA receptors. The differences
in DA effects on RNA levels between striatal and hippocampal

slices reported here extend previous work from Chai et al. (2017),
which detailed DEG profiles in these two structures. Approxi-
mately three-fourths of the top 40 genes enriched in both hip-
pocampus and striatum in Chai et al. (2017) experiments are
represented in our RNA-Seq dataset, indicating substantial over-
lap between ex vivo and in vitro observations at the transcriptome
level. Furthermore, the genes that we validated by qPCR (FosB,
Klf4, Nr4a3, Pde10a, Gpr83, Ap1s3) all possess a CTCF binding
motif. Indeed, our RNA-Seq data analysis reported over-repre-
sentation of CTCF binding motifs, indicating a coordinated gene
network response to DA signaling.

DA and NAD �/PARP1-dependent regulation of CTCF
target genes
We find that the dramatic alterations in astrocyte morphology
triggered by DA treatment may be due to significant modifica-
tions in chromatin accessibility. Across the genome, the expected
genome-wide binding site prevalence of CTCF is �33% (Holw-
erda and deLaat, 2013). However, prevalence of CTCF binding
motifs in the top genes significantly altered by DA treatment was
found to be between 70% and 100%. Complementing the evi-
dence showing that CTCF orchestrates genomic reorganization
underlying learning and memory (Sams et al., 2016), we highlight
a possible NAD�/PARP1-role linking DA signaling in astrocytes
to epigenetic regulation of the chromatin landscape.

Our data suggest that DA activates PARP1, a NAD�-dependent
poly-ADP-ribose polymerase that promotes CTCF binding to
transcription initiation sites (Yu et al., 2004; Ong et al., 2013;
Zhao et al., 2015; Han et al., 2017), leading to changes in astrocyte
morphology through alterations in 3D chromatin architecture.
We speculate that protein kinase C is a likely mediator of cou-
pling between DA receptors and PARP1/CTCF activation. Both
D1- and D2-like DA receptors can stimulate protein kinase C
(Neve et al., 2004; Ortinski et al., 2015) and protein kinase C is, in
turn, known to promote PARP1 production and formation of
PARP1/CTCF complexes (Henderson et al., 2017). We find that
PARP1 agonist, nicotinamide, recapitulates, whereas PARP1 an-
tagonists, nicotinamide riboside, 3-AB, or AG-14361, occlude
DA-induced stellation and DA-induced decrease in GFAP� area
(Fig. 10). Our observation, that coadministration of DA and nic-
otinamide results in more pronounced effects than treatment
with either DA or nicotinamide alone, suggests that DA may not
recruit all of the available PARP1 pool. Furthermore, the nicotin-
amide/DA synergism supports PARP1-dependent generation of
nicotinamide (Sajish and Schimmel, 2015) rather than regulation
of PARP1 protein levels. This is indirectly supported by the se-
quencing data indicating a lack of PARP1 transcript enrichment
following either 20 or 60 min of DA treatment (log2fold values of
�0.130 and �0.134, respectively). Our observation that nicotin-
amide riboside or AG-14361 did not evoke any morphological
changes by themselves and only partially suppressed morpholog-
ical effects of DA treatment suggests that DA effects on astrocyte
morphology involve both PARP1/NAD�-dependent as well as
PARP1/NAD�-independent processes. Indeed, a recent finding
demonstrated that a 3 h DA treatment of cortical astrocytes
induced expression of BDNF (Koppel et al., 2018), a SIRT1-
dependent process (Zocchi and Sassone-Corsi, 2012). SIRT1 and
PARP1 are mutually inhibitory (Sajish and Schimmel, 2015), but
both SIRT1 and PARP1 rely on NAD� as a substrate, potentially
leading to a cyclical pattern of SIRT1/PARP1 activation, which
could serve as the basis of astrocyte sensitivity to duration of DA
exposure. DA-induced inhibition of specific sets of genes that
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lack CTCF binding sites in their promoter regions, highlighted by
our sequencing data, may be an indicator of such a relationship.

In conclusion, we provide evidence that DA signaling drives
pronounced structural and functional adaptations in cultured
astrocytes. These adaptations are associated with distinct short-
and long-term changes in the astrocyte genome that are consis-
tent with transcriptional effects of the PARP1/CTCF complex
and PARP1-mediated NAD� signaling. The impact of dynamic
astrocyte response to DA on neuronal energy homeostasis, neu-
ronal signaling, and behavioral output in the context of DA-
related disorders remains to be examined.
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