
Copyright © 2021 Pulimood et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Sensory and Motor Systems

Phosphorylation of CREB at Serine 142 and
143 is essential for visual cortex plasticity

https://doi.org/10.1523/ENEURO.0217-21.2021

Cite as: eNeuro 2021; 10.1523/ENEURO.0217-21.2021

Received: 13 May 2021
Revised: 1 September 2021
Accepted: 20 September 2021

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 
1 

 

eNEURO MANUSCRIPT TITLE PAGE 1 

 2 

1. Phosphorylation of CREB at Serine 142 and 143 is essential for visual cortex plasticity  3 
 4 

2. Phosphorylation of CREB at 142/143 in neuronal plasticity 5 
 6 

3. Nisha S. Pulimood (Pulimood, NS), Department of Pediatrics, University of Maryland 7 
School of Medicine 8 
Minerva Contreras (Contreras M), Department of Physiology, University of Maryland 9 
School of Medicine 10 
Molly E Pruitt (Pruitt, ME), Department of Pediatrics, University of Maryland School of 11 

Medicine  12 

Agnieszka Tarasiewicz (Tarasiewicz A), Department of Pediatrics, University of 13 

Maryland School of Medicine 14 

Alexandre E. Medina (Medina AE), Department of Pediatrics, University of Maryland 15 

School of Medicine 16 

 17 

4. AM and NP designed research, NP, MC, MP and AT performed research, NP, MP and 18 
AM analyzed data, NP and AM wrote the paper. 19 
 20 

5. Alexandre E. Medina, University of Maryland Baltimore, 655 W. Baltimore Street, 21 
Bressler Research Building, Room 13-017, Baltimore, MD 21201 22 
amedina@som.umaryland.edu 23 
 24 

6. Number of figures: 5  25 
7. Number of tables: 0 26 
8. Number of multimedia: 0 27 
9. Number of words for abstract: 216 28 
10. Number of words for significance statement: 99 29 
11. Number of words for Introduction: 779 30 
12. Number of words for Discussion: 391 31 

 32 

Acknowledgements: We thank Dr. Michael Greenberg (Harvard) for the Ser142/143 antibody 33 
and Dr. Thomas Blampied (University of Maryland Baltimore) for cell cultures. This work was 34 
supported by R01AA22455 and R01AA3023 to AEM. 35 

  36 



 

 
2 

 

Phosphorylation of CREB at Serine 142 and 143 is essential for visual cortex plasticity  37 

 38 

ABSTRACT 39 

The transcription factor CREB is involved in a myriad of cellular functions in the central nervous 40 
system. For instance, the role of CREB via phosphorylation at the amino-acid residue Serine 41 
(Ser) 133 in expressing plasticity-related genes and activity-dependent neuronal plasticity 42 
processes has been extensively demonstrated. However, much less is known about the role of 43 
CREB phosphorylation at Ser 142 and 143. Here, we employed a viral vector containing a 44 
dominant negative form of CREB, with serine-to-alanine mutations at residue 142 and 143 to 45 
specifically block phosphorylation at both sites. We then transfected this vector into primary 46 
neurons in vitro or intra-cortically injected it into mice in vivo, to test if these phosphorylation 47 
events were important for activity-dependent plasticity. We demonstrated by 48 
immunohistochemistry of cortical neuronal cultures that the expression of Arc, a known 49 
plasticity-related gene, requires triple phosphorylation of CREB at Ser 133, 142, and 143. 50 
Moreover, we recorded visually-evoked field potentials in awake mice before and after a 7-day 51 
period of monocular deprivation to show that, in addition to CREB phosphorylation at Ser 133, 52 
ocular dominance plasticity in the visual cortex also requires CREB phosphorylation at Ser 53 
142/143. Our findings suggest that Ser 142/143 phosphorylation is an additional post-54 
translational modification of CREB that triggers the expression of specific target genes and 55 
activity-dependent neuronal plasticity processes. 56 
 57 

SIGNIFICANCE STATEMENT  58 
 59 
The transcription factor CREB triggers the expression of numerous different gene clusters in 60 
response to different cellular stimuli. Previous studies have shown that CREB can be activated 61 
by phosphorylation at several of its serine residues. We discovered that ocular dominance 62 
plasticity, a type of activity-dependent plasticity in the visual cortex, requires the phosphorylation 63 
of three different serine residues on CREB (Ser133, Ser142, and Ser143). The expression of 64 
the critical early gene Arc also requires this triple phosphorylation pattern. Elucidating such 65 
phosphorylation patterns of CREB required for activity-dependent gene expression could help 66 
us better understand the mechanisms of neuronal plasticity. 67 

 68 
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 71 

INTRODUCTION 72 

Cyclic-AMP response element binding protein (CREB) has long been known as a master 73 
regulator of neuronal plasticity. It has strongly been implicated in critical cellular phenomena like 74 
long-term potentiation (LTP) and other gain-of-function processes like spine expansion and 75 
dendritic sprouting (Middei et al., 2012; Barco et al., 2002). Activation of CREB can be attained 76 
by different post-translational modifications. Phosphorylation at serine (Ser) 133 on CREB’s 77 
kinase-inducible domain (KID domain) is critical for activation of CREB and expression of its 78 
downstream targets (Mayr and Montminy, 2001). Many different kinases such as CaMKII, 79 
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CaMKIV, PKA, and MEK can phosphorylate CREB at Ser133 in response to stimuli such as 80 
calcium influx, growth factors, mitogen/stress signaling molecules, etc. (Johannessen et al., 81 
2004; Mayr and Montminy, 2001). Therefore, stimulus-specific mechanisms of CREB activation 82 
must exist to confer specificity on which genes are expressed to achieve a desired cellular 83 
response. In line with this idea, phosphorylation at Ser133 alone is often not sufficient for the 84 
expression of many CREB-dependent genes (Kornhauser et al., 2002). For instance, BDNF is 85 
regulated by CREB, but its expression does not follow the timecourse of CREB phosphorylation 86 
at Ser133. At early time points after membrane depolarization, CREB is highly phosphorylated 87 
at Ser133 but BDNF transcription is not yet induced, and at times when BDNF transcription has 88 
shut off again Ser133 phosphorylation is still maintained. This suggests that the phosphorylation 89 
of CREB at Ser133 may be important, but not sufficient, for calcium induction of BDNF 90 
transcription (Tao et al., 1998). A second piece of evidence for the insufficiency of Ser133 91 
phosphorylation for CREB-dependent gene expression is that different stimuli induce 92 
phosphorylation at Ser133 with different kinetics resulting in the expression of different genes 93 
(Bonni et al., 1995; Mayr and Montminy, 2001). The growth factors NGF and EGF both trigger 94 
phosphorylation at Ser133, but NGF evokes prolonged phosphorylation and expresses the 95 
CREB-dependent target VGF, whereas EGF evokes transient phosphorylation and does not 96 
lead to expression of VGF. This implies that there needs to be another event in addition to 97 
Ser133 phosphorylation to activate transcription of specific pools of CREB-dependent genes 98 
(Bonni et al., 1995).  99 

In addition to the best-studied residue Ser133, CREB contains numerous other phosphorylation 100 
sites that serve to regulate transcription of its downstream targets (Fiol et al., 1994; Sun and 101 
Maurer, 1995; Shanware et al., 2007; Sakamoto et al., 2010). Serine 142 and 143 (Ser142/143) 102 
are two sites on CREB capable of being phosphorylated in vitro by CaMKII (Sun et al., 1994) 103 
and casein kinase II (Parker et al., 1998) in an activity-dependent manner. These two serines 104 
become phosphorylated in response to various stimuli in different regions of the brain - noxious 105 
stimuli like formalin in the spinal cord, light and circadian rhythms in the suprachiasmatic 106 
nucleus, and calcium influx in cortical neurons (Kornhauser et al., 2002; Gau et al., 2002; 107 
Niederberger et al., 2007). While Ser133 is phosphorylated in response to cyclic-AMP (cAMP) 108 
and depolarization-induced calcium influx, Ser142/143 phosphorylation seems to be insensitive 109 
to changes in cAMP signaling (Kornhauser et al., 2002), showing that these CREB activation 110 
mechanisms respond to different synaptic stimuli. Preventing phosphorylation at both these 111 
sites together impairs CREB-dependent gene expression (Kornhauser et al., 2002). Taken 112 
together, these pieces of evidence suggest that Ser142/143 phosphorylation could lend 113 
specificity to CREB activation. 114 

Importance of CREB in Ocular Dominance Plasticity. 115 

Ocular dominance plasticity (ODP) is a paradigm of neuronal plasticity in the primary 116 
visual cortex, comprising cortical changes that take place after depriving one eye of patterned 117 
visual stimulation (Hubel and Wiesel, 1970). In this paradigm, a monocular deprivation (MD) by 118 
eyelid suture is performed, during which cortical neurons responding to the deprived and the 119 
experienced eye respectively decrease and increase their responses. ODP therefore 120 
encompasses a depression component (Dc-ODP) and a potentiation component (Pc-ODP). In 121 
mice, Dc-ODP and Pc-ODP are expressed in a temporally distinct manner, such that Dc-ODP is 122 
seen after three days of MD, whereas Pc-ODP only appears after at least 5-7 days of MD 123 
(Frenkel and Bear, 2004).  124 

In the visual cortex of the ferret, blocking phosphorylation of CREB at Ser133 blocked the ocular 125 
dominance shift in the ferret visual cortex after three days of monocular deprivation (MD), as 126 
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measured by single-unit recordings in vivo (Mower et al., 2002). Recently we extended this 127 
finding to mice, using visually-evoked potential (VEP) recordings in awake animals before and 128 
after seven days of MD, and showing that CREB is required for both Pc-ODP and Dc-ODP in 129 
vivo (Pulimood et al., 2017). In light of the role of Ser142/143 phosphorylation in activity-130 
dependent expression of CREB target genes, we hypothesized that the phosphorylation of 131 
CREB at Ser133 is not sufficient for ODP, and additional phosphorylation at Ser142/143 is 132 
required.  133 

METHODS 134 

Animals – Wild-type C57BL6 mice between the ages of postnatal day (P) 25 and P35 were used 135 
for the in vivo electrophysiology in order to restrict recordings to the critical period of visual 136 
cortex development. Sprague-Dawley rat pups at embryonic day (E) 20 were used to make 137 
cortical cultures for the in vitro experiments. All animals were used in accordance with the 138 
protocols of the University of Maryland School of Medicine Institutional Animal Care and Use 139 
Committee.  140 

Herpes Simplex Virus (HSV) constructs – Two different CREB dominant-negative (CREBdn) 141 
plasmid constructs were packaged in HSV vectors. These constructs contain a GFP tag and 142 
have serine to alanine point mutations at the residue 142 and 143 (CREBdn-S142A/S143A) or 143 
133 (CREBdn-S133A), which prevents phosphorylation of CREB at these sites. The control viral 144 
construct (HSV-GFP) expressed GFP alone. All the HSV constructs were generated by Rachel 145 
Neve at the Massachusetts Institute of Technology Viral Core. Virus titer of GFP and CREBdn-146 
S133A was 6 x 107 transducing units/mL, and titer of CREBdn-S142A/S143A was 3 x 108 147 
transducing units/mL.  148 

Virus infection and KCl stimulation of cortical cultures – Cortical cultures were prepared in the 149 
lab of our collaborator, Dr. Thomas Blanpied, at the University of Maryland School of Medicine. 150 
Briefly, primary cultures of cortical neurons were obtained from E20 (embryonic day 20) rat 151 
embryos and dissociated with trypsin. On the day of dissection, the cells were grown in 152 
Neurobasal Medium (Sigma) supplemented with 5% bovine serum supplemented with B27, 153 
glutamax and 50 U/mL gentamicin. Cells were plated at 50,000 cells/cm2 on coverslips coated 154 
with poly-l-lysine (Sigma). The next day, the media was changed to Neurobasal medium 155 
(Sigma) supplemented with B27, glutamax, and 1 μg/mL gentamycin. FUDR (10 μM) was added 156 
1–3 days after plating. Cultures were grown at 37°C and in 5% CO2. 157 

After 10 days in culture, a 1:2000 dilution of HSV construct (HSV-GFP, CREBdn-S133A 158 
or CREBdn-S142A/S143A) was added to each well. Plates were returned to the 37°C incubator 159 
overnight, and virus infection was confirmed the following day by visualizing GFP expression in 160 
the culture plate. Cells were stimulated for 20 min either in a potassium chloride (KCl)-rich 161 
media containing artificial cerebral spinal fluid (ACSF) with 50 mM KCl and 9.2 mM CaCl2 as 162 
previously described (Kornhauser et al., 2002) or normal ACSF (Ma et al., 2014) as the control. 163 
The KCl-rich media additionally contained 0.5 µM tetrodotoxin (TTX; to block voltage-gated 164 
sodium channels), 10 µM DNQX (to block AMPA receptors), and 10 µM APV (to block NMDA 165 
receptors) (Ma et al., 2014). These blockers decreased the baseline activity level, so that any 166 
activity-dependent change in expression of our proteins of interest could be clearly resolved.   167 

KCl-stimulated cells used to stain for pCREB were fixed immediately after stimulation 168 
with 4% paraformaldehyde (PFA) in 20% EGTA. However, stimulated cells used to stain for 169 
CREB target genes were switched back into culture media for 20 min to allow for gene 170 
expression, before subsequent fixation.  171 

 172 
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Western blotting – The HSV construct was intracortically administered into Layer IV of the visual 173 
cortex of mice via stereotaxic injection (see Intracortical Injection section of the Methods below). 174 
The animals were killed after 2–4 days (time allowed for viral infection) with isoflurane followed 175 
by decapitation. The visual cortex was dissected out on ice and GFP fluorescence was 176 
confirmed by microscopy. The GFP-positive tissue was isolated and homogenized in RIPA lysis 177 
buffer (Millipore 20-188) with protease/phosphatase inhibitors (Cell Signaling 5872). Protein 178 
concentrations were determined by Bradford assay and samples were run on 15% TGX Protean 179 
gels (Biorad), in the mini-protean Biorad Tetracell electrophoresis chamber. Gels were 180 
transferred to PVDF membranes using the Biorad Trans-blot turbo transfer system. Membranes 181 
were blocked for at least 90 minutes using 2–4% non-fat blotting-grade blocker (Biorad) in 1X 182 
Tris-buffered saline with 0.1% Tween (1X TBST), then incubated overnight at 4°C with a 1:1000 183 
dilution of rabbit anti-phospho CREB-133 (pCREB-133; Millipore Catalog #06-519). After 184 
washing three times in 1X TBST, membranes were incubated for 1 h in horseradish peroxidase 185 
conjugated anti-rabbit IgG at (Cell Signaling Technology Catalog #7074) at a 1:3000 dilution. 186 
ECL reagents (Biorad CLARITY) were used to chemiluminescently visualize the protein on an 187 
imaging system (ProteinSimple FluorChem HD2). ImageJ (RRID: SCR_003070) was used for 188 
densitometry and all OD values were normalized by loading control. Cyclophilin B (Thermo 189 
Fisher Scientific Catalog #PA1-027A) was used as the loading control in all cases. As soon as 190 
the imaging of pCREB-133 was complete, the membranes were washed in stripping buffer for 191 
15 minutes at room temperature and blotted again for total CREB (1:5000 dilution of rabbit anti-192 
CREB; Millipore Catalog #04-218) using the same blotting procedure described above. ARC 193 
expression was assessed by similar procedures, antibody used was catalogue number 66550-194 
1-ig from proteintech at 1:5000 concentration.    195 

Immunocytochemistry – Fixed cells were washed with 1X phosphate-buffered saline (PBS) and 196 
100 mM Glycine (PBS/Gly), and then blocked in 10% normal goat serum (NGS) in PBS/Gly with 197 
0.1% Triton X-100 for 60 min at 37°C. They were then incubated at 4°C overnight with the 198 
following primary antibodies in PBS/Gly/0.1% Triton in 5% NGS: Rabbit anti-pCREB Ser133 199 
(1:1000, Millipore), Rabbit anti-pCREB Ser142/143 (1:500), Rabbit anti-Arc (1:500, Santa Cruz), 200 
Rabbit anti-CaMKII conjugated to Alexafluor647 (1:500, Abcam). Each coverslip of cells was 201 
stained for either pCREB Ser133, pCREB Ser142/143, or Arc, together with CaMKII as an 202 
excitatory neuronal marker. The next day, the cells were washed in PBS/Gly, incubated for 1 h 203 
at room temperature with fluorescent secondary antibody anti-rabbit Alexafluor568 (1:500), 204 
washed again in PBS/Gly and then mounted on glass slides with mounting media (Permafluor 205 
mountant, Thermo Scientific). The pCREB Ser142/143 antibody was generously provided to us 206 
by Dr. Michael Greenberg of Harvard University.  207 

Confocal imaging and analysis – Confocal imaging was performed at the University of Maryland 208 
School of Medicine Confocal Microscopy Core Facility, on a point-scanning confocal (Zeiss LSM 209 
510 Meta) microscope, with a 40X/1.3 NA oil-immersion objective. Specifications for data 210 
collection on each fluorescent track were as follows – for GFP, 488 nm laser excitation was 211 
bandpassed from 500–550 nm; for Alexafluor594, laser excitation at 543nm was set to a 212 
longpass filter at 560 nm; and for DAPI, 730nm pulsed two-photon laser excitation was 213 
bandpassed at 380–550 nm. Colocalization analysis was performed on maximum projection 214 
images. Using the Grid and Cell Counter tools in ImageJ software, all GFP-positive cells (GFP = 215 
virus expression) that co-expressed CamKII (Alexafluor 594; CamKII = marker of excitatory 216 
neurons) were manually selected and counted. Only virus-infected, excitatory neurons with clear 217 
somatic boundaries and a visible nucleus were included in this analysis, determined by 218 
colocalization of GFP and CaMKII. The localization of CamKII in the cytosol and dendrites 219 
allowed us to clearly delineate the nucleus of every cell analyzed. To determine nuclear 220 
staining, we used ImageJ to specifically define the nuclear region as the region of interest (ROI), 221 
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and then quantified the CREB fluorescence within each ROI. The average optical density (OD) 222 
of the ROI was determined, and the background fluorescence was subtracted from the OD 223 
value of each cell. 224 

Electrode implantation and intracortical injection – Surgery was conducted on mice under 225 
isoflurane anesthesia. Burr holes were drilled in the skull at 0.5 mm rostral to lambda and 3 mm 226 
lateral to the midline, which corresponds to the binocular zone of the visual cortex (V1B) in 227 
mice. A microsyringe pump-controller (World Precision Instruments Micro4) was used to 228 
bilaterally deliver 1 uL of the desired HSV construct into layer IV of the cortex at an infusion rate 229 
of 1nL/s, with a diffusion time of 2–3 min. Tungsten electrodes (FHC, Inc. Bowdoin, ME) with tip 230 
impendences between 0.3–0.55 MOhms were stereotaxically implanted bilaterally in the same 231 
location as the injection, at a depth of 450–480 µm, in order to target layer IV cells as previously 232 
described (Heynen and Bear, 2001; Porciatti et al., 1999; Lantz et al., 2015; Pulimood et 233 
al.,2017). Reference electrodes were implanted at approximately 0.5 mm caudal to Bregma and 234 
2 mm lateral to the midline. The four electrodes as well as a vertical post (for immobilization 235 
during VEP recordings) were secured to the skull with cyanoacrylate, creating a fixed headstage 236 
from which chronic VEP recordings were made.  237 

Monocular deprivation – Surgery was conducted under isoflurane anesthesia, following the 238 
baseline VEP recording. Ophthalmic proparacaine (Akorn, Inc; Lake Forest, IL) was applied 239 
topically, and the edges of the upper and lower eyelids trimmed. The lids were stitched together 240 
using 7-0 prolene suture (Ethicon, Inc), and Gluture tissue glue (Abbott Laboratories; Chicago, 241 
IL) sealed the lids together. A thin film of cyanoacrylate (tissue glue) was used to cover the area 242 
to protect the surgical site during the seven-day period of MD. 243 

VEP Recordings – This VEP recording procedure was performed the same way for both pre-MD 244 
and post-MD recording sessions. The animals’ heads were immobilized so that movement 245 
artefact was kept to a minimum during electrophysiological recordings. Mice were then 246 
presented with a visual stimulus to each eye independently, during which visually-evoked local 247 
field potentials were recorded. Recordings were conducted using XCell-3 amplifiers (FHC, Inc.), 248 
a 1401 digitizer (CED, Cambridge, UK), and Spike 2 software (Cambridge Electronics Design, 249 
Cambridge, UK). XCell-3 amplifiers were set at a low-frequency cutoff of 0.1–10 Hz and a high-250 
frequency cutoff of 100 Hz. The visual stimulus consisted of a full-field, phase-reversing, ordinal 251 
sine grating at 0.5 Hz with 100% contrast. The stimulus was controlled by a custom program 252 
written in MATLAB (MathWorks, Natick, MA) and presented at a distance of 21 cm from the 253 
animal. The angle of the stimulus grating was changed (45° to 135°) for sessions before and 254 
after monocular deprivation, to avoid any confounding results with respect to stimulus-selective 255 
response potentiation (Cooke and Bear, 2010). Recordings were made of at least 100 stimulus 256 
presentations, and peak to trough amplitudes were measured. As in previous studies, 257 
compensation for variations in noise and impedance was conducted (Makowiecki et al., 2015; 258 
You et al., 2012). The average distance of each data point from the mean of all data points in 259 
each analyzed recording was determined for both pre-MD and post-MD recordings. A ratio of 260 
this mean difference was then multiplied by the peak-to-trough measure of the post-MD field 261 
potential to calculate the post-MD VEP amplitude. The contralateral bias index (CBI) was 262 
calculated as the ratio of the contralateral VEP amplitude over the ipsilateral VEP amplitude for 263 
each animal.  264 

Statistics – VEP experiments assessing ODP (CBI or VEP amplitudes) were analyzed using 265 
directional paired t-tests because this in vivo technique allows for within-subject controls. One-266 
way analysis of variance  (ANOVA) was used to analyze differences in VEP amplitudes and CBI 267 
between naïve mice and each virus-infected group. For immunocytochemistry, pCREB was 268 
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compared using two-tail Student’s t-tests, whereas Arc and CaMKII were compared using one-269 
way ANOVA. Western blots were analyzed by two-tail Student’s t-tests. All statistical tests were 270 
performed on IBM SPSS (v23) and statistical significance was set to p ≤ 0.05, or p < 0.03 (with 271 
Bonferroni correction), and denoted by an asterisk (*). For clarity, statistical details are reported 272 
in the figure legends.  273 

Disclosure- All experiments were conducted at the same time and by the same investigator. The 274 
GFP-control animals used in the VEP experiments (Figure 5) and for western blot tissue (Figure 275 
2B) were the same as those reported in our previous study published in J. Neurosci. (Pulimood 276 
et al. 2017). As required by J. Neurosci., any of these previously published data are explicitly 277 
labeled as such, with the corresponding figures enclosed in gray boxes. 278 

RESULTS  279 

In this study, we tested the hypothesis that CREB phosphorylation at Ser 142/143 is required for 280 
at least one, if not both components of ocular dominance plasticity, Dc-ODP and Pc-ODP. We 281 
used viral-mediated genetic blockades and in vivo electrophysiology, predicting that a blockade 282 
of CREB phosphorylation at Ser 142/143 will disrupt ODP in vivo.  283 
 284 
Neuronal Activity leads to phosphorylation of CREB at Ser142/143. 285 
A primary requirement for any potential mechanism of ODP is that it is activity-dependent. 286 
Phosphorylation of CREB at Ser133 increases in response to increased synaptic activity (Ma et 287 
al., 2014; Sheng et al., 1990). Kornhauser and colleagues showed that phosphorylation at 288 
Ser142/143 also increases upon synaptic activity (Kornhauser et al., 2002). Therefore, we first 289 
aimed to confirm these findings by triggering membrane depolarization with 50 mM KCl for 20 290 
min in dissociated rat cortical cultures, and staining for antibodies that recognize CREB 291 
phosphorylation either at Ser133 (pCREB133) or at Ser142/143 (pCREB142/143). We observed 292 
that phosphorylation at Ser133 and Ser142/143 (nuclear staining) was increased in cells 293 
exposed to KCl-rich ACSF compared to cells exposed to control ACSF (Figure 1A and B).  294 
 295 
Expression of Arc requires phosphorylation of CREB at Ser142/143 296 
 The fact that phosphorylation of CREB at Ser142/143 is activity-dependent makes it a 297 
viable candidate to confer specificity on the activation of CREB and its subsequent expression 298 
of diverse gene programs. Arc is an activity-dependent, critical, immediate early gene required 299 
for ODP (McCurry et al., 2010; Cohen et al., 2016). Therefore, if Arc expression requires 300 
phosphorylation at Ser142/143, it would be likely that CREB phosphorylation at these residues 301 
will also be required for ODP. We genetically blocked CREB phosphorylation at Ser142/143 302 
using the HSV construct CREBdn-S142A/S143A (Figure 2A). Since Ser133 phosphorylation of 303 
CREB is known to be required for Arc expression (Kim et al., 2013; Chen et al., 2017), we 304 
conducted western blots to confirm that the effects of CREBdn-S142A/S143A on Arc expression 305 
did not originate from interference with phosphorylation at Ser133 (Figure 2B; Pulimood et al., 306 
2017).  307 
 We infected cells in culture with a control virus (HSV-GFP) or a virus that blocked 308 
phosphorylation at Ser133 (CREBdn-S133A) or phosphorylation at Ser142/143 (CREBdn-309 
S142A/S143A). After confirming successful virus expression by GFP visualization, we 310 
depolarized these cells with KCl to measure the change in activity-dependent Arc expression. 311 
Since mechanistic differences do exist with respect to cell type, we refined our experimental 312 
design by co-labeling these cells with CaMKII. As CaMKII is expressed only in glutamatergic 313 
neurons and not inhibitory neurons in the cortex (Liu and Jones, 1996), the colocalization of 314 
GFP and CamKII allowed us to visualize Arc expression only in virus-infected, excitatory 315 
neurons. While neurons infected with HSV-GFP control virus showed a large increase in Arc 316 



 

 
8 

 

expression after KCl-induced depolarization, the ones infected with CREBdn-S133A or 317 
CREBdn-142/143 did not (Figure 3A). This result demonstrated that a triple phosphorylation of 318 
CREB is needed for Arc expression. A cumulative frequency distribution quantifying the above 319 
results showed a significant increase in Arc expression only when KCl was applied in cells 320 
expressing GFP but not in cells expressing CREBdn-S133A or CREBdn-142/143 (Figure 3B). 321 
Taking these results together, our findings in culture strengthened our prediction that 322 
phosphorylation at Ser142/143 is a critical secondary event (in addition to phosphorylation at 323 
Ser133) for the expression of CREB-dependent genes required for ODP in vivo. 324 

To confirm our findings observed in the aforementioned experiments in culture we o 325 
tested whether blocking CREB phosphorylation at serine 142/143 would also reduce ARC 326 
expression in vivo. Mice received intracortical injections of CREBdn-142/143 (n=7) or control 327 
GFP (n=9) and were monocularly deprived for three days to induce ARC expression (Tagawa et 328 
al. 2005) and tissue collected. Fig. 3C-D shows a significant reduction of ARC expression on 329 
mice receiving CREBdn- 142/143 when compared to controls (t=2.32, p=0.048). In summary, 330 
blockade of CREB phosphorylation in serine 142/143 reduced ARC expression both in vitro and 331 
in vivo. 332 

 333 
Phosphorylation of CREB at Ser142/143 is required for ODP. 334 

We tested if ODP is affected by blocking CREB phosphorylation at Ser142/143 using in 335 
vivo VEP recordings in virus-injected mice before and after seven days of monocular deprivation 336 
during the critical period of visual cortex plasticity. The chronic implantation of the recording 337 
electrodes allowed for a within-subject, before-and-after comparison of evoked field potential 338 
amplitudes in the visual cortex. Figure 4 shows a schematic representation of VEP spike 339 
acquisition and the VEPs experimental timeline. 340 

This method was similar to what we used in a recent study, where we showed that virus 341 
injections targeted to cortical layer IV resulted in robust infection of cells in layer IV and II/III, and 342 
few cells in deeper layers V and VI (Pulimood et al., 2017). GFP-marked viral expression was 343 
clearly visible within 24 h of injection and could be seen up to 10 days later (Pulimood et al., 344 
2017). We also showed that HSV constructs are neurotropic, infecting primarily excitatory 345 
neurons (Pulimood et al., 2017). Therefore, the recording electrodes implanted in layer IV were 346 
able to acquire VEPs from a population of excitatory neurons with viral-mediated blockade of 347 
pCREB-Ser142/143.   348 

HSV-GFP control animals copied the expected pattern in naive mice (Figure 5A and 5B; 349 
Pulimood et al.,2017), with a decrease in VEP amplitude upon contralateral eye stimulation 350 
(contra) and an increase in the amplitude upon ipsilateral eye stimulation (ipsi), whereas 351 
CREBdn-S142A/S143A animals showed no change in contra or ipsi VEP amplitude after seven 352 
days of MD (Figure 5B). The contralateral bias index (CBI), which is the ratio of the VEP 353 
amplitude during contralateral eye stimulation over the amplitude during ipsilateral eye 354 
stimulation (contra/ipsi), was used as the metric to measure the ocular dominance shift. The 355 
inherent contralateral bias of VEPs in mice with normal plasticity in V1B (since most mouse 356 
retino-thalamic fibers decussate at the optic chiasm before arriving in the visual cortex) was 357 
detected as a downward shift in CBI. While GFP-control mice exhibited an expected decrease in 358 
CBI after MD, CREBdn-S142A/S143A did not (Figure 5C). These results were similar to what 359 
was observed when blocking phosphorylation of CREB at Ser133 (Pulimood et al., 2017).  360 
Taken together, the novel results presented here reveal the phosphorylation of CREB at 361 
Ser142/143 as a novel mechanism of ODP during the critical period, specifically necessary for 362 
both components of activity-dependent neuronal plasticity in the visual cortex. 363 
 364 
 365 

 366 
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DISCUSSION 367 

In this study, we confirmed previous evidence (Kornhauser et al.,2002) showing that 368 
neuronal activity triggers phosphorylation of CREB at Ser142/143 (Figure 1). This 369 
phosphorylation is required for the expression of critical plasticity-related genes like Arc (Figure 370 
3) and for ocular dominance plasticity (Figure 5).  371 
Although other studies have shown that CREB induces Arc expression (Kawashima et al., 2009; 372 
Sano et al., 2014; Yiu et al., 2011), the mechanism of CREB-dependent Arc expression 373 
remained unclear. Arc expression was shown to be decreased in the presence of a dominant-374 
negative form of CaMKII (Kumar et al., 2012). Since CaMKII can phosphorylate CREB at both 375 
Ser133 and Ser142/143 (Kornhauser et al., 2002), it is reasonable that CREB-depedendent Arc 376 
expression may occur via phosphorylation at these sites. We presented direct evidence that 377 
triple phosphorylation at Ser133, 142, and 143 is a mechanism for the activity-dependent 378 
induction of Arc by CREB.   379 
It was previously reported that phosphorylation at Ser142 alone can be inhibitory and attenuated 380 
CREB-dependent transcription (Sun et al., 1994; Parker et al.,1998). Kornhauser and 381 
colleagues expanded this finding to show that Ser142 phosphorylation is inhibitory to CREB-382 
dependent transcription only when it affects CREB dimerization and DNA binding. Using a 383 
construct that could not heterodimerize to drive CREB-transcription, they showed that Ser142 384 
phosphorylation in fact enhanced CREB-dependent gene expression (Kornhauser et al., 2002). 385 
As opposed to phosphorylation at Ser142 alone, which can be inhibitory under some conditions, 386 
phosphorylation at Ser143 alone always led to an increase in CREB-depenent gene expression 387 
(Kornhauser et al., 2002). Interestingly, an antibody specific for phosphorylated Ser143 could 388 
not detect phosphorylation at this site without phosphorylation at Ser142 (Kornhauser et al., 389 
2002), suggesting that they work in concert. Taken together, these data corroborate our finding 390 
that phosphorylation of both Ser142 and 143 together induce expression of CREB-dependent 391 
genes.  392 

Since the CREB-dependent transcriptome is vast in number and diverse in purpose, the 393 
search for which genes CREB expresses to fulfill different cellular needs has been a long 394 
standing question. We showed that triple phosphorylation at Ser133, 142, and 143 is required 395 
for both components of ODP - Dc-ODP and Pc-ODP. Future studies could use transcriptome 396 
profiling with these phosphorylation sites blocked, to identify CREB-dependent genes required 397 
for both components of activity-dependent plasticity. It would also be important to test whether 398 
individually blocking phosphorylation at Ser142 or Ser143 might differentially affect Dc-ODP and 399 
Pc-ODP.  400 
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FIGURE LEGENDS  402 

 403 
Figure 1 - Phosphorylation of CREB at Ser133 and Ser142/143 is activity-dependent.  404 
(A) Cells exposed to either regular ACSF or KCl-rich ACSF for 20 minutes show an increase in 405 
staining intensity of pCREB 133 (red). The inset shows a higher-magnification image where 406 
nuclear staining of pCREB133 is increased after depolarization with KCl. CaMKII staining (blue) 407 
is not in the nucleus under either stimulus condition. The histogram on the right quantifies the 408 
change in nuclear intensity of pCREB133 (n = 3 experiments, 12 coverslips, 137 cells for the  409 
“ACSF” group and 3 experiments, 13 coverslips, 141 cells for the “+KCl” group; *p < 0.0001, 410 
independent t-test). (B) Cells stained for pCREB 142/143 (red) also show KCl-induced increase 411 
in nuclear staining, whereas CaMKII (blue) in the same cells does not. The inset shows a higher 412 
magnification image and the corresponding histogram represents pCREB142/143 nuclear 413 
staining (n = 3 experiments, 15 coverslips, 176 cells for the “ACSF” group and 3 experiments, 9 414 
coverslips, 87 cells for the “+KCl” group; *p < 0.0001, independent t-test).  415 

Figure 2 - Viral constructs and functional validation  416 
(A) Diagrams of HSV constructs used in this study, as described in the Methods section. (B) 417 
Western blots showing that phosphorylation at Ser133 is not affected by S142A/S143A 418 
mutations. Left. pCREB133 is significantly reduced in tissue from CREBdn-S133A-injected mice 419 
versus mice injected with the control virus (p = 0.02, independent t-test). Right. pCREB133 420 
levels do not change in tissue from CREBdn-S142A/S143A-injected mice versus mice injected 421 
with the control virus (n.s. = not significant, p = 0.49, independent t-test). The data in the gray 422 
box were previously published in J.Neurosci (Pulimood et al., 2017). 423 
 424 
Figure 3 - Activity-dependent Arc expression is blocked in the absence of CREB 425 
phosphorylation at Ser133 as well as at Ser142/143. 426 
(A) Stimulus and virus infection conditions are as follows (from left): ACSF control media in cells 427 
infected with HSV-GFP control virus (n = 105 cells on 12 coverslips from 3 independent 428 
experiments), KCl-rich ACSF to depolarize cells infected with HSV-GFP control virus (n = 128 429 
cells on 15 coverslips from 3 independent experiments), KCl-rich ACSF in cells infected with 430 
CREBdn-S133A (n = 51 cells on 20 coverslips from 3 independent experiments), and KCl-rich 431 
ACSF in cells infected with CREBdn-S142A/S143A (n = 63 cells on 15 coverslips from 3 432 
independent experiments). Top panels show Arc staining in red and bottom panels show HSV 433 
infection in green. (B) A cumulative distribution plot showing all analyzed cells in each condition 434 
clearly displays the activity-dependent increase in Arc expression that is blocked by the 435 
CREBdn viruses (1-way ANOVA, F(3,333) = 53.1, p < 0.0001; Tukey’s post-hoc test “GFP(+KCl)” 436 
versus all other groups p < 0.0001). (C) Representative case of ARC expression in mice 437 
injected with CREBdn-S142A/S143A or control GFP. (D) Quantification shows a significant 438 
reduction in ARC expression after blocked phosphorylation of CREB at serine 142/143 (t=2.32, 439 
p=0.04; df=8, t-test for unequal variances). 440 
 441 
Figure 4 - Visually-evoked potential (VEP) recordings: schematics of the experimental 442 
timeline and spike analysis 443 
(A) Electrode implantation and virus injection were done together at post-natal day (P) 26. After 444 
recovery from surgery, habituation followed by a “pre-MD” (monocular deprivation) baseline 445 
recording was performed. The animal was then monocularly deprived by eyelid suture for a 446 
seven-day period, after which the deprived eye was reopened and a “post-MD” recording was 447 
conducted. (B) As the implanted mouse views the visual stimulus, electrical signals are 448 
transmitted through an amplifier, noise eliminator, and digitizer, and are recorded as the EEG 449 



 

 
11 

 

signal shown in green. The amplitude of the VEP response (after synchronized averaging) is 450 
measured in microvolts (µV) from peak to trough as marked by the red lines. 451 
 452 

Figure 5 - Blocking CREB phosphorylation at Ser142/143 blocks both components of 453 
ODP. 454 
(A)(Left) An implanted mouse with two recording electrodes and two reference electrodes. The 455 
red cross on the mouse’s eye represents the monocular deprivation (MD), and visually-evoked 456 
field potentials (VEPs) are recorded from the hemisphere contralateral to the MD (contra eye 457 
deprived; red recording electrode) during stimulation of each eye individually. (Right) 458 
Representative VEP traces before and after MD, with red lines indicating peak to trough 459 
amplitude of the VEP from the deprived eye (sutured closed during MD period) and open eye 460 
(remained open during MD period). Comparing responses before and after MD, Dc-ODP 461 
represents a decrease in VEP amplitude from stimulation of the deprived-eye stimulation, and 462 
Pc-ODP represents an increase in VEP amplitude from open-eye stimulation. (B) Left. 463 
Histogram showing that mice injected with HSV-GFP show the expected downward shift in OD 464 
after MD (p = 0.0004), whereas mice injected with CREBdn-S133A do not (n.s. = not significant, 465 
p = 0.07). Right. Mice injected with CREBdn-S142A/S143A also do not exhibit any OD shift (p = 466 
0.40). (C) Left. Histogram showing Dc-ODP and Pc-ODP as expected in control mice (p = 0.04 467 
and p = 0.01 respectively). Right. Both Dc-ODP and Pc-ODP are blocked in mice injected with 468 
CREBdn-S1442A/S143A (p = 0.45 and p = 0.28, respectively). The data in the gray boxes were 469 
previously published in J.Neurosci (Pulimood et al., 2017). Sample sizes (n) are specified in the 470 
histogram for each group. Data in (B) and (C) were statistically analyzed using paired t-tests.  471 
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