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Abstract  
The NMDA receptor antagonist ketamine produces rapid, robust and prolonged 

antidepressant actions in treatment-resistant patients and preclinical models of depression 

following a single systemic infusion. Elucidating the neural sites and mechanisms underlying 

its effects are crucial for further development of novel treatments. Here, we examined the 

contribution of synaptic hippocampal glutamate receptors in depressive-like behavior as 

measured using an optimized set-up and automated protocol for the forced swim test (FST) 

in mice, a test of behavioral despair. Increased behavioral despair correlated with higher 

synaptic membrane expression of hippocampal NMDA receptor (NMDAR) subunit GluN2A. 

Subsequently, we analyzed the short- and long-term behavioral effects, and long-term 

molecular effects of a single dorso-hippocampal infusion of ketamine. Ketamine caused both 

rapid and enduring antidepressant effects without impairing memory retention. These long-

term antidepressant effects were paralleled by increased turnover of AMPA receptors 

(AMPARs) as shown by increased Ser-845 phosphorylation of GluA1. The relative 

contribution of hippocampal AMPAR over NMDAR appeared to be crucial for the 

antidepressant-like effect, as molecular blockade of regulated AMPAR endocytosis by a 

TAT-Glu23Y peptide in the CA1 region of the dorsal hippocampus partially mimicked the 

effects of ketamine. The well-known long-term antidepressant effect of a single treatment 

with ketamine is potentially mediated by increased hippocampal AMPAR function. 
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Introduction 
Major depressive disorder (MDD), also referred to as major depression, is a common, 

chronic, recurrent mental illness that affects millions of individuals worldwide. Since current 

available antidepressants target the monoaminergic systems (serotonin, norepinephrine, 

and dopamine), these transmitter systems have received most attention in depression-

related research. However, these antidepressants take weeks to achieve their therapeutic 

effect and leave patients particularly vulnerable to the devastating symptoms and the risk of 

self-harm. Therefore, treatment strategies that exert a rapid and prolonged antidepressant 

effect within days or even hours could substantially benefit public health. Previously, clinical 

trials have shown the immediate improvement of depressive symptoms in treatment-

resistant patients by the use of a sub-anesthetic single dose of ketamine31,85. This 

antidepressant effect is characterized by a very rapid onset of action (within hours) and a 

robust and prolonged effect, lasting one to two weeks. Recently, the rapid activation of the 

mTOR pathway, leading to increased synaptic signaling proteins and increased number and 

function of new spines, was shown as mechanism for the acute antidepressant effects of 

ketamine86. As yet, molecular insight into the more lasting effects of ketamine, as well as the 

main anatomical site of action in the brain is not available. 

Ketamine is a non-competitive N-methyl-D-aspartic acid (NMDA) receptor antagonist87 

and has been used clinically as a dissociative anesthetic in both pediatric and adult 

patients88. Its primary mechanism of action is blocking the NMDA receptor (NMDAR) at the 

phencyclidine site in the ion channel. In addition, ketamine induces rapid increases in 

presynaptic release of glutamate, a process hypothesized to be mediated by NMDA 

autoreceptors, and/or by activated GABAergic neurons89. Apart from ketamine, other 

NMDAR antagonists, such as MK-801 and CGP 37849, have antidepressant-like effects in 

several preclinical paradigms90,91. A better understanding of the antidepressant effect of 

ketamine might aid future development of rapidly acting and effective pharmacological 

therapies.  

Apart from the antidepressant effect of ketamine, other clinical and preclinical lines of 

research points to the involvement of the glutamatergic system in the pathophysiology of 

depression. Several reports showed increased glutamate levels in blood and cerebrospinal 

fluid in patients with MDD92. In rodent models of depression, synaptic plasticity was affected 

in glutamatergic neurons in both the CA1 and the dentate gyrus of the hippocampus93. 

Growing evidence supports the idea that antidepressants, via a cascade of time-dependent 

signaling, ultimately converge to regulate α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 

acid (AMPA) and NMDA receptor-mediated synaptic plasticity (reviewed in94). Consequently, 
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several studies showed that positive allosteric modulators of AMPA receptors (AMPARs), 

referred to as AMPA potentiators, display antidepressant effects in both clinical31 and 

preclinical95 studies.  

Recently, a large body of evidence from preclinical studies indicates that the acute 

effect of ketamine is mediated through a functional interplay between AMPARs and 

NMDARs32,96. The increased presynaptic release of glutamate preferentially acts on 

AMPARs, due to the ketamine inhibition of NMDARs. This direct effect of ketamine on 

glutamatergic signaling explains the rapid onset of action when compared to other 

antidepressants. Given these acute effects, the prolonged antidepressant action of up to at 

least a week31,86,97 remains unexplained.  

Here, we investigated how ketamine prolongs its antidepressant effects much beyond 

its short half-life (~13 min in serum of mice;98) and duration of NMDAR blockade. Secondly, 

we investigated through which neuronal circuits ketamine exerts its antidepressant effects. 

We show, by using an automated forced swim test (FST) analysis of depressive-like 

behavior in mice, that the long-term effects of ketamine are likely to be regulated by 

persistently increased AMPAR function in the dorsal part of the CA1 region in the 

hippocampus. 

 
 
Methods & Materials 
Animals 

All experiments were carried out in accordance to the Animal User Care Committee (VU 

University). Adult male (>8 weeks) C57BL/6J and DBA/2J mice (20-25 g, Charles River) 

were singly housed on a 12/12 h light/dark cycle with ad libitum access to food and water, 

light on at 7 AM. All mice were habituated to the facility for at least 1 week prior to testing, 

and were allowed to recover for at least 1 week after surgery. 

 

Pharmacalogical Interventions 

Acute systemic injection – Imipramine (Sigma Aldrich, Germany; 8 or 16 mg/kg) was injected 

intraperitoneally 30 min before testing. 

Chronic treatment – An osmotic minipump (Model 1004; Alzet, Cupertino, CA) containing 60 

mg/ml imipramine was placed subcutaneously during isoflurane anesthesia, resulting in 6-8 

mg/kg/day (for mice weighing 26-20 gram, respectively) administration of imipramine (28 

days).  
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Hippocampal injection – Mice were implanted with double guide cannulae (Plastics One, 

Roanoke, VA) targeting the CA1 region of the dorsal hippocampus as described 

previously99,100, using mouse brain atlas coordinates101. Ketamine hydrochloride (Alfasan, 

Woerden, The Netherlands) at a dose of 0.25 µg (0.125 µg/side) and 2.5 µg (1.25 µg/side) 

was infused in a volume of 0.25 µl/hemisphere during 2 min. To block regulated endocytosis 

of AMPARs in the CA1 region of the dorsal hippocampus, a synthetic peptide derived from 

the GluA2 carboxyl terminal fused to the cell membrane transduction domain of the HIV-TAT 

protein (GluA23Y: 869YKEGYNVYG877
102) or control peptide (GluA23A: AKEGANVAG) were 

injected at (15 pmol/side; 60 µM) similar to ketamine delivery. Injection sites were verified 

(0.25 µl methylene blue), and mice that did not receive symmetrical and bilateral injections in 

Figure 1. Automated analysis of FST performance detects low-dose imipramine effects. 
Imipramine (Imi; 30 min prior to testing, i.p., 8 and 16 mg/kg) had no significant effect on immobility, as 
often measured during the last 4 min of the FST (A, left). However, measuring immobility during the 
total 6-min test time (A, right), as well as novel parameters resulting from our automated analysis like 
strategy (i.e. activity over time; B), total activity C), latency to first float (D) and time to change swim 
strategy (E) showed robust effects due to imipramine. Data derived from digital images are explained in 
detail in Fig. S1. For detailed ANOVA results, see Table S1. *** P<0.001, ** P<0.01, * P<0.05 vs. 
saline. 
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the CA1 region of the dorsal hippocampus were excluded. Days of testing after insertion of 

the pump or hippocampal injection are indicated  (Tables S1 and S3). 

 

Tissue Preparation and Immunoblotting.  

The hippocampus (strain differences) or its dorsomedial part (ketamine effect) were 

dissected from fresh brains and immediately frozen (–80 °C). Synaptic membranes were 

isolated (pool of 2 or 3 mice per sample) on a discontinuous sucrose gradient, as described 

previously103. SDS-PAGE (8%) was run using 5 µg/sample (Laemli lysis buffer). Proteins 

were blotted onto a PVDF membrane (Bio-Rad Laboratories, Hercules, CA). After blocking 

and incubation of the first antibody, against GluA1 (1:1,000; Genscript, Piscataway, NJ), 

GluA1-Ser845 (1:1,000; Phosphosolutions, Aurora, CO) GluA2 (1:1,000; Neuromab, Davis, 

CA), GluN1 (1:1,000; Millipore, Billerica, MA), GluN2A (1:1,500; Abcam, Cambridge, UK) 

and GluN2B (1:1,000; Neuromab, Davis, CA) the blot was washed and incubated for 1 h at 

RT with AP-conjugated secondary antibody (1:10,000; GE Healthcare, Diegem, Belgium) 

allowing detection using the ECF immunoblotting detection system (GE Healthcare, Diegem, 

Belgium). The lower half of the same gel was cut and stained for coomassie, as shown 

previously to be a good control for general input103. Quantification of immunoblots was 

performed using Quantity One® 1-D analysis software (Bio-Rad, Veenendaal, The 

Netherlands). 

 

Forced Swim Test 

Mice were placed in a rectangular transparent Perspex tank (22 x 14 x 35.5 cm, length x 

width x height), filled up to a height of 30 cm with water (25 °C)(Fig. S1). Traditionally, a 

round tank is used in many FST setups. However, round tanks distort the image of the 

mouse in the tank particularly on the sides thereby confounding the precision of quantitative 

motion-detection analysis. A single swim session of 6 min was conducted, as the swim 

strategy is modified in a second swim session (Fig. S1D). After the session, mice were 

placed on a clean dry tissue under a warm light bulb (max. 5 min) in their home cage. A 

high-resolution digital camera (Sunkwang B140XP/SO; RF Concepts, Dundonald, UK), in 

combination with Virtualdub software (v1.9; www.virtualdub.org) was used to record the 

swim session (AVI files) at a rate of 25 frames per sec. 

The digital movie was used offline for automatic analysis, using custom-developed software 

for motion detection (R.F. Jansen and O. Stiedl; see http://www.falw.vu/~ngc/FST.html) (Fig. 

S1A). This program yields the activity diagram (Fig. S1B). As the cumulative plot of activity, 

i.e., the strategy plot, yields non-stationary data due to changes in swim strategy of the 
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animal over time, cumulative movement data were fitted using a Douglas-Peucker polyline 

algorithm104 with an 8-pixel tolerance (Fig. S1C). The program for automatic analysis, using 

a custom-developed motion detection algorithm, is made available upon contact (R.F. 

Jansen and O. Stiedl, oliver.stiedl@cncr.vu.nl). 

Immobility – Time (%) spent inactive with very low activity (change between frames < X 

pixels) below the threshold set per time bin (0.6 s per bin). 

Latency to immobility – Time (s) before the first bout of inactivity lasting > 1 s. 

Strategy plot – The coordinates of the average cumulative activity (y) by time (x) of each 

fitted line segment was calculated and plotted. This parameter gives detailed information 

about the average swim strategy over time. Because the swim strategies were mostly 

Figure 2. Mouse strain differences in expression of synaptic hippocampal glutamate receptors 
and behavioral despair. Hippocampal synaptic membrane fractions from C57BL/6J (C57) and 
DBA/2J (DBA) mice (n=4 samples) were used for immunoblotting with glutamate receptor subunit 
antibodies; GluN1 (A), GluN2A (B), GluN2B (C), GluA1 (D), GluA2 (E). Bar graphs (left) show 
quantification of samples. (Right) A typical example of the immuno-detected protein is shown for each 
strain, together with the coomassie-stained lower part of the gel. * P=0.013. (F,G) A strain-specific 
effect (C57BL/6J mice (n=11), DBA/2J mice (n=10)) was apparent for immobility (F) and latency to 
first float (G), as well as other parameters (see Fig. S4), ** P<0.01 and * P<0.05 vs. C57BL/6J. 
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captured by at least 3 line segments for every mouse, only those segments were used for 

analysis.  

Total activity – The sum of the activity during the 6-min swim session calculated by the 

motion-detection analysis. 

Time to change strategy – Total time before activity was less than before. The latency to 

reach the fitted line segment of which the slope was lower than before, i.e. when the second 

derivative was at a minimum, was taken. 

 

Statistical Analyses 

Behavioral data was subjected to univariate ANOVA/Kruskal-Wallis with dose or strain as 

between-subject variables. For statistically significant main effects, post-hoc comparisons 

were conducted using Student-Newman-Keuls/Mann-Whitney-U tests. Immunoblot and 

behavioral results using single drug injections were analyzed using student’s t-test with 

either strain or treatment as factors. The level of probability for statistically significant effects 

was set at P<0.05. All data are displayed as mean values ± SEM (except for EPM 

parameters that are displayed as box plots with mean ± maximum values). 

 

Results 

Novel FST parameters for detection of antidepressant action 

Predictive validity of the behavioral despair test is important in preclinical settings to assess 

effectiveness of novel pharmacological agents with antidepressant effects. Here, we first 

investigated whether the two most commonly used parameters, namely immobility105, and 

latency to first float106, are optimal to segregate between different classes of antidepressants 

used at clinically relevant doses.  

Traditionally, the last 4 min of a 6-min FST are used to measure immobility80,105. 

Relative low doses of imipramine (8 and 16 mg/kg) that were previously reported to be 

ineffective in C57BL/6J mice106,107 did indeed only reveal a trend (P=0.064) for immobility 

when the last 4 min were used for analysis (Fig. 1A). However, based on total test-time, a 

highly significant effect on immobility was obtained (P=0.001, Fig. 1A, Table S1). In addition, 

our optimized FST set-up and its analysis procedure increased sensitivity of detection as 

these relative low doses had a significant effect on latency to first float (P<0.001), that went 

previously undetected106. 

Movement detection of digital images allows more relevant information to be extracted, 

such as total amount of activity displayed, as well as changes in patterns of activity on a 

high-resolution time scale (Fig. 1B, Fig. S1). Mice have a tendency to start swimming 
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actively and vigorously for a certain period before they change strategy resulting in a 

combination of swimming and floating (Fig. S1). Here we show for the first time that 

specifically total activity, strategy and hence latency to change swim strategy are very 

sensitive to antidepressant treatment (Fig. 1B,C,E; Table S1). In addition, chronic 

imipramine treatment at a relative low dose (6-8 mg/kg/day, s.c.) for 3 weeks revealed a 

significant effect (P<0.05) on these novel parameters (Fig. S2B,C,E; Tables S1, S2), and no 

significant persistent effect was measured using the classical parameter of immobility (Fig. 

S2A). Notably, at this low dose, the previously reported effects of imipramine on locomotion 

are not detectable (Fig. S3; Table S3). Thus, we provide evidence that our improved 

protocol and automated analysis is very sensitive in measuring antidepressant-like effects, 

and could thereby improve the predictive validity of the FST.  

Figure 3. Acute and long-term effect of hippocampal ketamine on behavioral despair in 
C57BL/6J mice. Bilateral dorso-hippocampal injection of saline (n=6) or ketamine (0.25 µg, n=6-8; 2.5 
µg, n=8), were given 1 h or 9 days before the test. Ketamine treatment caused differences from saline 
controls with respect to immobility (A), strategy (see Fig. S5), and time to change swim strategy (D). 
Total activity (B) and latency to first float (C) were specifically affected on the short-term and the long-
term, respectively. For detailed ANOVA results see Table S1. ** P<0.01, * P<0.05, # P<0.2 vs. saline.  
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Strain differences in behavioral despair and hippocampal NMDA receptor subunit expression 

Depressive-like behavior in the FST is likely influenced by glutamatergic transmission90. 

Therefore we tested whether two inbred strains of mice (C57BL/6J and DBA/2J) that show 

well-known differences in behavioral despair108,109 also show differences in synaptic 

hippocampal glutamate receptor expression. We performed immunoblotting for NMDAR and 

AMPAR subunits on hippocampal synaptic membranes (Fig. 2). A significantly reduced 

expression level of GluN2A was found in DBA/2J mice (79.3%±0.3, P=0.013), with no 

change in levels of AMPAR or other NMDAR subunits (Table S4). 

Figure 4. Synaptic hippocampal glutamate receptors are involved in the long-lasting 
antidepressant effect of ketamine. (A) Dorso-medial hippocampal synaptosome fractions of mice with 
dorso-hippocampal injections of saline or ketamine (0.25 µg, n=6) were used for immunoblotting with 
glutamate receptor subunit antibodies; P-GluA1 and total GluA1 (See Fig. S8). Typical examples of the 
immuno-detected protein levels are shown for each treatment (saline, S and ketamine, K) mice, 
together with the coomassie-stained lower part of the gel to the right of each bar graph. ** P=0.007. (B-
E) Bilateral dorso-hippocampal injections of the GluA23Y blocking peptide (60 µM, n=13) or GluA23A 
control peptide (n=12) were given 1 h before the test. Treatment with this blocking peptide showed 
differences from control with respect to immobility (B), as well as novel parameters resulting from our 
automated analysis like latency to first float (D), but not total activity (C), and time to change swim 
strategy (E). *** P<0.001, * P<0.05 vs. control peptide. 
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We replicated the previously reported increased immobility108 in C57BL/6J compared 

with DBA/2J mice (P<0.005; Fig. 2F,G; Table S2). In addition, C57BL/6J mice showed lower 

values for strategy (P<0.05), decreased total activity (P=0.007) and latency to the first float 

(P=0.021)(Fig. S4B-D). Thus, increased GluN2A levels correlated with a higher level of 

behavioral despair.  

 

Rescue of depressive-like phenotype by inhibiting hippocampal NMDA receptors 

According to current views32,96, changing the balance between AMPAR and NMDAR 

involvement might contribute to antidepressant efficacy. Accordingly, AMPAR potentiators110 

and NMDAR antagonist have antidepressant effects91,111,112. Since C57BL/6J mice show 

increased behavioral despair and increased hippocampal synaptic NMDAR subunit 

expression, we tested the hypothesis that inhibiting hippocampal NMDARs in mice with 

endogenously elevated NMDAR subunits levels has antidepressant-like effects. 

First, we showed that dorso-hippocampal injection of ketamine, a non-specific NMDAR 

antagonist, indeed had a clear acute antidepressant-like effect (immobility_last minutes: 

F(2,17)=4.041, P=0.037; immobility_total time: F(2,17)=5.542, P=0.014) (Fig. 3A, Table S1). In 

addition, the novel parameters of strategy (P<0.05; Fig. S5), total activity (F(2,17)=5.897, 

P=0.011), and time to change strategy (F(2,17)=4.957, P=0.020) showed that hippocampal 

ketamine had a significant antidepressant effect, with the highest effect at 0.25 µg (Fig. 3). 

Second, when behavioral despair was measured 9 days after local injection of ketamine 

(Fig. 3), an antidepressant-like effect was still observed for immobility, but only using total 

test-time (F(2,21)=3.523, P=0.048; Table S1). In addition, parameters time to change swim 

strategy (F(2,21)=3.977, P=0.034; Table S1) and latency to first float (F(2,21)=4.633, P=0.022) 

showed prolonged effects from ketamine that were more pronounced than the acute effects. 

In all parameters, the 0.25 µg dose was more effective than the 2.5 µg dose.  

In an independent group of mice we observed that a hippocampal ketamine injection 

(0.25 µg) reduced anxiety in the novel exploration test (P=0.025) and elevated plus maze 

(P=0.044; Fig. S6, Table S3), with no effect on locomotion and anxiety in the open field 

test113, nor in contextual fear learning (Fig. S7). 

 

Antidepressant effects by increased AMPA functionality 

As the long-term behavioral effect cannot be attributed to the antagonistic properties of 

ketamine on NMDARs, but rather reflects a down-stream molecular consequence of 

ketamine action reaching further than the recently described activation of the mTOR 

pathway86, we determined the effect of ketamine on synaptic hippocampal glutamate 
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receptor expression nine days after injection in a separate group of mice not used in the FST 

experiment. A single ketamine injection increased the levels of P-Ser-845-GluA1 in the 

hippocampus (P=0.007; Fig. 4A), with no difference in expression of GluA and GluN 

subunits (Fig. S8, Table S4). Phosphorylation at this site increases the number of 

membrane-localized AMPARs96,114. Because we did not observe an increase in total level of 

GluA1, the long-term effect of ketamine might be attributable to stimulated receptor turnover 

in hippocampal synapses. This increased cycling could serve to increase functional non-

desensitized AMPARs in the synaptic membrane.  

If increased AMPAR functionality would play a role in the lasting antidepressant effect of 

ketamine, then increasing the total number of AMPARs might mimic the antidepressant 

effects. Therefore, we blocked the regulated endocytosis of AMPARs in order to create a 

phenocopy of the lasting antidepressant-like effect. For this, we used a molecular tool to 

impair retrieval of AMPARs from hippocampal synaptic membranes. We injected the GluA2 

regulated endocytosis blocking peptide102,103 into the dorsal hippocampus and tested the 

effect on behavioral despair. This peptide had no acute effects on basal locomotion (Fig. 

S9), and therefore appears to be a highly specific tool for behavioral intervention. Both 

immobility (P=0.021; total test time) and latency to the first float (P=0.0004) were decreased 

significantly (Fig. 4B,D). No effect was observed on total activity and time to change strategy 

(Fig. 4C,E; Table S5), thus creating a partial phenocopy of the enduring effects of ketamine.  

 

 

Discussion 
Here, we first implemented a new approach using automated FST analysis to objectively 

quantify subtle effects of antidepressant-like actions on both classical and novel FST 

parameters with high sensitivity. Our data indicate a role for hippocampal glutamate 

receptors as targets for the antidepressant action of ketamine both acutely and on the long-

term. Finally, we provide evidence that prolonged effects of ketamine are mediated through 

an increased functionality of AMPARs that could result in neuronal and behavioral plasticity. 

 
Novel forced swim test parameters:  

The improved protocol and the automated analysis for the FST employed have the 

advantage that it combines the measurement of classical FST parameters, such as 

immobility, and novel FST parameters related to the intensity of activity and swim strategy. 

With low-dose imipramine using both an acute and chronic treatment, we showed that this 
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protocol has an improved sensitivity to detect changes in immobility and latency to first float, 

resulting in antidepressant-like effects that remained unnoticed previously106,107.  

Furthermore, by introducing the novel parameters of total activity, strategy and time to 

change strategy, we show that we can distinguish different types of effects that characterize 

both chronic and acute treatment. Specifically, the effect of chronic imipramine treatment at 

low doses could be measured using these parameters without having an effect on classical 

parameters like immobility. In addition, prolonged effects of ketamine affected strategy and 

time to change strategy but not activity. Acute ketamine also affected the latter parameter. 

Finally, automated analysis of digital images increases replicability and favors reduction of 

potential observer bias, and thus a more objective analysis of the data. Taken together, this 

protocol increases sensitivity and predictive value of the FST as a measure of 

antidepressant action.  

 

NMDA/AMPA receptors 

Impaired neural and structural plasticity is assumed to play a causal role in the development 

of mood disorders94,115. Furthermore, there is growing evidence from preclinical and clinical 

studies for altered NMDAR activity and a role for glutamatergic transmission in the pathology 

of depression, making glutamate receptors a promising potential therapeutic target. Clinical 

evidence comes from antidepressant effects of ketamine and the GluN2B subunit-selective 

antagonist CP-101,606, in a group of treatment-resistant patients116. Interestingly, NMDARs 

containing the GluN2B subunit are localized primarily in the forebrain, including the 

hippocampus, which is implicated in the pathology of mood disorders like MDD. The 

hippocampus is a crucial site for pathological alterations in neuronal plasticity resulting from 

various stressors35,117.  

Recently, the role of the GluN2A receptor subtype in the etiology of depression has 

been under investigation, with GluN2A knockout mice exhibiting a robust depression-

resistant phenotype118. In line with this, we found that a higher abundance of NMDARs, 

specifically the GluN2A-containing receptor in the hippocampus of C57BL/6J mice, appears 

to be important for the depressive-like phenotype of this strain in the forced swim test.  

In line with this, we show that ketamine injected into the CA1 region of the dorsal 

hippocampus alleviates the depressive symptoms in C57BL/6J mice not only acutely but 

also 9 days after infusion. The behavioral patterns differ slightly, and this is possibly related 

to the differences in molecular mechanisms taking place (see below, Fig. 5). Acutely, this 

antidepressant effect of ketamine is likely to be mediated by the well-described inhibitory 

effect of this drug on the ion-channel of the NMDARs, and concurrently its ability to increase 
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pre-synaptic glutamate release at low non-anesthetic doses32,89,112,119. Both actions favor 

AMPAR over NMDAR transmission (Fig. 5). The acute antidepressant effect of ketamine 

was completely abolished when NBQX, an AMPAR antagonist, was given prior to ketamine 

infusion32. Similarly, NBQX blocked the ketamine-related induction of synaptic proteins in the 

PFC that are causal to the immediate antidepressant effects86. Classic antidepressants with 

a long therapeutic lag after treatment onset, like imipramine, do not share this mechanism of 

action as the acute antidepressant effect of imipramine was unaffected by NBQX. Increasing 

glutamate signaling via AMPARs relative to NMDARs is therefore the likely mechanism by 

which ketamine exerts its rapid effect86. 

Here, we show that the long-term effects of ketamine are also modulated by AMPAR-

related mechanisms. Nine days after ketamine administration, there was an increase in 

levels of Ser845 phosphorylated GluA1, with no effect on total amounts of surface 

expressed AMPAR and NMDAR subunits. This is surprising, since acutely after 

administration, ketamine has been shown to decrease phosphorylation of GluA1 at 

Ser84590. However, this might be due to the fact that in this study the animals were tested 

directly after the forced swim test. Ser845 phosphorylation is known to prime GluA1 for 

membrane insertion and increases its open probability96,114. This finding of increased AMPA 

receptor functionality has important implication for the antidepressant effects of ketamine. 

Figure 5. Model of hippocampal synaptic plasticity mechanism induced by ketamine. In 
individuals with a depression-like phenotype there is an imbalance in AMPARs and NMDARs, favoring 
the contribution of NMDARs (increased green arrow). Acutely, ketamine blocks NMDARs, and 
concurrently it increases pre-synaptic glutamate release thereby favoring AMPAR over NMDAR 
signaling. On the long-term, increased trafficking of AMPARs into the membrane might yield a higher 
proportion of functional AMPARs, thereby recovering the imbalance between AMPARs and NMDARs 
and decreasing the depression-like phenotype. 
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Depressive-like behavior induced by long-lasting stress is mediated by an impairment of 

AMPA-dependent hippocampal LTP43. The ketamine-induced increase in AMPA receptor 

functionality could therefore counteract these stress-induced deficits. 

Even in the absence of increased levels of GluA1 on the membrane, it is likely that an 

increased turnover of AMPARs leads to increased functionality due to less desensitized 

receptors at the membrane (Fig. 5). Interestingly, increased phosphorylation of GluA1 at 

Ser845 has been found to underlie chronic treatment with classic and novel antidepressants, 

such as fluoxetine and tianeptine70,120, and was linked to the antidepressant action of several 

AMPAR potentiators that improve glutamatergic transmission121. In addition, chronic 

treatment with riluzole, and lamotrigine increases the amount of P-Ser845, but also 

enhances AMPAR surface levels70,122. Thus, the molecular changes of a single ketamine 

infusion are shared with those observed after chronic treatment with several (classical) 

antidepressants.  

In order to substantiate our hypothesis that increased hippocampal AMPAR functionality 

is key to the lasting effects of a single ketamine injection, we kept AMPARs at the synaptic 

membrane by blocking stimulated-endocytosis using a mimetic peptide. This intervention 

prevents induction of LTD102, and likewise it mimics the enduring antidepressant-like effects 

of ketamine on immobility and latency to immobility (Fig. 4). Increased phosphorylation of 

GluA1 at Ser845 increases its availability at the active zone of glutamatergic synapses123. 

Since GluA2-regulated endocytosis is know to induce GluA1-containing heterodimeric AMPA 

receptor endocytosis124, the GluA2-regulated endocytosis blocking peptide will most likely 

also increase GluA1 availability at the active zone of the synapse. Therefore, it will mimic the 

ketamine-induced effect of increasing AMPAR synaptic availability. Thus, we postulate that 

the described long-term effect of a single injection of ketamine on AMPARs causes a critical 

increase in synaptic strength by restoring the balance between AMPAR and NMDARs 

functionality, thereby generating a non-depressed state (Fig. 5). It is important to note that a 

single infusion of ketamine into the hippocampus has long lasting anxiolytic effects but has 

no deleterious side-effects on baseline locomotion and fear memory. 

In conclusion, we have identified a molecular process in which AMPARs are involved in 

the long-term antidepressant effects of a single ketamine treatment. This mechanism might 

be common to classical antidepressants when given chronically. Importantly, we 

demonstrate that this effect takes place in the dorsal hippocampus. Our findings are of 

interest for development of antidepressants that have rapid and enduring effects, bypassing 

negative side effects and delayed onset of prototypical antidepressants.  
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Supplemental Material 
 

Materials and Methods 

Mice & intracranial delivery 

Mice were housed individually in standard Macrolon cages (type II) on sawdust bedding, and for the 

purpose of animal welfare, the cages were enriched with cardboard nesting material and a curved 

PVC tube. Food (Teklad, Harlan, The Netherlands) and water was provided ad libitum. Housing 

rooms were controlled for temperature, humidity and light-dark cycle (7 AM lights on, 7 PM lights off). 

Experiments were performed during the light phase. All experimental procedures were approved by 

the local animal research committee and complied with the European Council Directive (86/609/EEC). 

For intra-hippocampal injections, mice were chronically implanted with double guide cannulae (C235, 

Plastics One, Roanoke, VA) in a customized high precision stereotaxic system (10 µm resolution). 

Outer diameter of both guide cannulae is 0.46 mm (26 gauge), whereas the double injectors and the 

dummy cannulae that are normally placed in the guide cannula have an outer diameter of 0.20 mm 

(33 gauge). The double injectors and dummy cannulae protruded 1 mm beyond the tip of the guide 

cannulae. The surgical procedures were performed under aseptic conditions. Mice were anesthetized 

by intraperitoneal injection of avertin (1.2%, 0.02 ml/g) as described previously125. Each double guide 

cannula (with inserted dummy cannula and dust cap) was fixed to the skull by dental cement. The 

guides were directed towards both dorsal hippocampi targeting the area ventral of CA1. The 

coordinates were based on the stereotaxic plates of the mouse brain atlas126 with anterior–posterior 

(AP) coordinates referred to bregma, lateral (L) coordinates to the midsagittal suture line, and ventral 

coordinates (V) to the surface of the skull: AP, –1.6 mm; L, +/- 1.03mm and V, –2.3 mm (injection 

site). The depth of injections was chosen to avoid micro-lesions of both dentate gyri by the cannula 

tips. Buprenorphine was injected subcutaneously at a dose of 0.1 mg/kg as analgesic. The mice were 

allowed a minimal of 7 days of recovery before the initiation of subsequent experiments. During this 

postsurgical period, mice were checked for signs of distress such as apparent behavioral 

abnormalities and profound loss of body weight. 

A microinjection pump (CMA/100, CMA/Microdialysis, Solna, Sweden) was used for bilateral 

injections into the dorsal hippocampus (0.25 µl/hemisphere) at a rate of 0.33 µl/min as described 

before99,125. Two 25 µl gas-tight syringes were mounted onto the pump and connected by 

polyethylene tubing to the double injection cannula (Plastics One, Roanoke, VA). The injection 

cannula delivered the injection solution 1 mm below the tip of the guide cannula at the depth of 2.3 

mm. Before injection, both dust cap and dummy cannula were removed. Injections into the dorsal 

hippocampus were applied during a 90 s isoflurane (Forene, Abbott, Wiesbaden, Germany) inhalation 

anesthesia. After the end of the injection, the injector remained in place for 15 s in order to prevent 

backflow into the cannula guides. Thereafter, the injector was replaced by the dummy cannula before 

the dust cap was screwed back onto the guide cannula. Injections were applied minimally 1 h before 

testing. 
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Tissue Preparation and Immunoblotting.  

The hippocampus (strain differences) or the dorso-medial part of the (ketamine effect) hippocampus 

was dissected from fresh brains and immediately frozen (< –60 °C). Synaptic membranes were 

isolated (pool of 3 or 2 mice per sample) on a discontinuous sucrose gradient, as described 

previously103. Protein concentration was measured by a Bradford assay. For all groups 5 µg/sample 

was dissolved in Laemli lysis buffer and loaded on an 8% SDS-PAGE gel. Proteins were blotted onto 

a PVDF membrane (Bio-Rad Laboratories, Hercules, CA). After blocking and incubation of the first 

antibody, against GluA1 (1:1,000; Genscript, Piscataway, NJ), GluA1-Ser845 (1:1,000; 

Phosphosolutions, Aurora, CO) GluA2 (1:1,000; Neuromab, Davis, CA), GluN1 (1:1,000; Millipore, 

Billerica, MA), GluN2A (1:1,500; Abcam, Cambridge, UK) and GluN2B (1:1,000; Neuromab, Davis, 

CA) the blot was washed and incubated for 1 h at RT with AP-conjugated secondary antibody 

(1:10,000; GE Healthcare, Diegem, Belgium). Before being used for immunoblotting, all antibodies 

were checked for specificity, i.e., whether they showed a band at the designated apparent molecular 

weight on Western blot. Immunodetection was performed using the ECF western blotting detection 

system (GE Healthcare, Diegem, Belgium) and blots were scanned with the FLA-5000 (Fuji Photo 

Film, Rotterdam, The Netherlands). Relative amounts of immunoreactivity were quantified using 

ImageJ (NIH, Bethesda, MD). For standardization of immunoblots, the lower half of the same gel was 

cut and stained for coomassie as shown previously to be a good control for general input. 

Quantification of immunoblots was performed using the program Quantity One® 1-D analysis 

software (Bio-Rad, Veenendaal, The Netherlands).  

 

Open field (OF)  
Open field box 1 – Mice were introduced into a corner of the white square open field (50 x 50 cm, 

walls 35 cm high) illuminated with a single white fluorescent light bulb from above (130 lx), and 

exploration was tracked for 10 min (12.5 frames/s; EthoVision 3.0, Noldus Information Technology, 

Wageningen, The Netherlands). Time spent in, and number of entries into the center square area (20 

x 20 cm) was measured using EthoVision.  

Open field box 2 – Mice were introduced into a Plexiglas chamber with a stainless steel grid floor with 

constant illumination (100-500 lx) and background sound (white noise, 68 dB SPL (sound pressure 

level)). The box contained 12 infrared beams on each side, allowing measurement of both activity and 

exploration (area covered within x time). Measurements (3 min) took place after a single habituation 

trial (3 min). 

 

Elevated plus maze (EPM)  
Mice were introduced into the same closed arm of an EPM (arms 30 x 6 cm, walls 35 cm high, 

elevated 50 cm above the ground), facing the closed end of the arm. The EPM was illuminated with a 

single white fluorescent light bulb from above (130 lx) and exploratory behavior was video tracked for 
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5 min (12.5 frames/s, EthoVision 3.0, Noldus Information Technology, Wageningen, The 

Netherlands). The border between center and arm entries was defined at 2 cm into each arm, 

producing the number of entries into the open arms, into the closed arms, onto the center platform, 

and time spent on the open arms. In addition, latency to explore was defined by the time between 

introduction into the maze and the first appearance in the maze center.  

 

Contextual Fear Conditioning 

Contextual fear conditioning - All experiments were carried out in a fear conditioning system (TSE-

Systems, Bad Homburg, Germany), as described previously127. Briefly, training and testing was 

performed in a Plexiglas chamber with a stainless steel grid floor with constant illumination (100-500 

lx) and background sound (white noise, 68 dB SPL). The chamber was cleaned with 70% ethanol 

prior to each session. Training consisted of placing mice in the chamber for a period of 180 s after 

which a 2 s foot shock (0.7 mA) was delivered through the grid floor. Mice were returned to their home 

cage 30 s after shock termination.  

Contextual fear retrieval - Retrieval test consisted of placing the animals in the conditioning context for 

180 s. The automatically measured percentage of inactivity99 served as measure of learning-induced 

fear response.  

 

Forced swim test 

We used a rectangular tank since a round tank gives image distortions when recording movements by 

camera recording using a lateral view (Supplemental Fig. 1A). As mice have the tendency to swim in 

circles in a round tank by simply following the curvature of the tank, the image of the animal is 

distorted. The distortion depends on the position and will affect the magnitude of detected 

movements. The more lateral the position of the object, the larger the distortion and the lower the size 

of detected movements. In a rectangular tank the visible surface of the animal remains almost 

constant irrespective of its position especially since we slightly reduced the depth of the tank. Thus, a 

rectangular tank causes substantially fewer image artifacts. The side-view and top-view give highly 

correlated results. Tail movements are more prominent in the top-view setup, and leg movements 

more prominent in the side-view setup. However, the side view offered a slightly higher sensitivity and 

was therefore selected for our analysis. 

The digital movie was used for automatic analysis, using a motion detection algorithm to determine 

whether a mouse is moving or not. The motion detection is based on the differences between two 

successive video frames. First, each frame is divided into small rectangles (grid; see Supplemental 

Figure 1B). The size of the rectangles determines the sensitivity to motion with smaller rectangles 

giving higher sensitivity. The program counts the number of rectangles where motion was detected 

given a specific detection threshold (noise filter). This measure yields the activity diagram 

(Supplemental Figure 1C). A threshold for mobility can be set manually for all digital movies to be 

analyzed batch-wise. Analysis was performed with 15 frames/bin, each bin representing 0.6 sec. As 
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the cumulative plot of activity yields non-stationary data due to changes in swim strategy, the 

separate stationary segments were fitted to line curves using Douglas-Peucker polyline fit104 with an 8 

pixel tolerance (Supplemental Figure 1D). Parameters as measured from digital images were: 

Immobility – Time (%) spent inactive with activity detected below the threshold of 7 transitions per 

time bin. 

Latency to immobility – Time (s) spent before a first bout of inactivity, lasting > 1 s. 

Strategy plot – The coordinates of the average cumulative activity (y) and time (x) of each fitted line 

segment (each set of stationary data) was calculated and plotted. This parameter gives detailed 

information about the swim strategy over time. Because the swim strategies were mostly captured by 

at least 3 line segments for every mouse, only those segments were used for analysis.  

Total activity – The sum of the activity during the 6 min swim session calculated by the quantitative 

motion-detection analysis. 

Time to change strategy – Total time before activity was less than before. The latency to reach the 

fitted line segment of which the slope was lower than before, i.e. when the second derivative was at a 

minimum, was taken. 

The program for automatic analysis, using a custom-developed motion detection algorithm, is made 

available upon contact (R.F. Jansen and O. Stiedl (oliver.stiedl@cncr.vu.nl). For more information, 

see http://www.falw.vu/~ngc/FST.html. 
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Figure S1. Analysis of classical and novel parameters for behavioral despair in the FST. (A) From 
digitized images (zoom in), using a grid structure to monitor activity, classical and novel parameters of the 
FST are captured. (B) Examples are given from the analysis window for 2 individual mice that received 
either saline or imipramine (8 mg/kg, i.p.) 30 min before the test. The most widely used classical parameter 
mobility/immobility (green/red) was extracted from the activity plot. The lower panel (red lines) displays the 
binned time of mobility and immobility, with imipramine-treated mice (i.p. injection 30 min before the test) 
showing more mobility both during the total period as well as during the last 4 min. In addition, the latency to 
float for ≥ 1 sec is indicated (>2 bins; 0.6 sec/bin). Naive and saline-treated C57BL/6J mice show a low 
latency to the first float (~10 sec), while imipramine-treated mice have a prolonged latency (~50-60 sec). (C) 
Novel parameters, such as strategy, total activity and time to change swim strategy can be extracted from 
the individual swim strategy plots, which shows the cumulative activity (number of rectangles in the 
detection grid with activity above the set threshold (horizontal black line) vs. time (seconds). Strategy plots 
are shown for the same two mice as in B. The blue lines indicate separate line fits to the non-stationary 
data, and the red line indicates a cumulative distribution with no change in activity (stationary data). Note 
that the latency to the first change in swim strategy, denoted by the first change towards less activity (purple 
vertical line), is longer in imipramine-treated mice. In addition, the total activity of imipramine-treated mice is 
higher than that of saline-treated mice. (D) A second swim session changes the swim strategy of mice 
(lower panel), and hence parameters typical for a first swim session (upper panel) cannot be used. Note the 
regular swimming bouts in the second session, lacking the vast amount of activity displayed during the 
beginning of the first session. 
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Figure S2. Effects of low chronic imipramine on FST performance of C57BL/6J mice. An osmotic 
minipump was placed subcutaneously 26 days before the test and delivered imipramine at a dose of 6-8 
mg/kg/day for 28 days. Imipramine-treated mice (n=13) differed from control mice (saline; n=11) only in the 
novel FST parameters strategy (B), total activity (C), and time to change swim strategy (E), but not in 
classical parameters of behavioral despair, such as immobility (A), nor in the latency to first float (D). # 
P<0.1, * P<0.05. 
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Figure S3. Effect of low chronic imipramine on locomotor and anxiety parameters of C57BL/6J 
mice. An osmotic minipump was placed subcutaneously 26 days before the test and delivered imipramine 
at a dose of 6-8 mg/kg/day for 28 days. Imipramine-treated mice (n=13) did not differ statistically (P<0.05) 
from control mice (saline; n=11) in open field behavior determined by the time spent in the center (A), 
frequency in the center (B), total distance moved (C), nor in elevated plus maze behavior such as 
frequency of the open arm visits (D) and duration on open arms (E). For the latter, only a trend was visible 
(P=0.176) towards reduced anxiety-like behavior. 
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Figure S4. Mouse strain differences in FST performance. A strain-specific effect (C57BL/6J mice 
(n=11), DBA/2J mice (n=10)) was apparent for immobility as measured traditionally during the last 4 min (A, 
left), as well as measured during the total 6-min test time (A, right). Novel parameters resulting from our 
automated analysis like strategy (i.e. activity over time displayed for fitted line segments shared by all mice 
within a group (i.c. up to ~ 200 sec), see Methods; B), total activity (C) and latency to first float (D) showed 
strain-specific differences, but not time to change swim strategy (E). *** P<0.001, ** P<0.01 and * P<0.05 
vs. C57BL/6J. 
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Figure S6. Long-term effects of 
hippocampal ketamine on 
exploration and anxiety-like 
behavior of C57BL/6J mice. 
Novelty exploration in the home 
cage was measured 6 h after 
dorsohippocampal injection of 
ketamine (0.25 µg; n=8) or saline 
(n=8) for log-normalized (ln) 
latency of exploration (A; P=0.443) 
and duration of exploration (B; * 
P=0.025). Two days after 
hippocampal injection of ketamine 
(0.25 µg; n=22) or saline (n=20), 
anxiety parameters as frequency 
open arms (C; P=0.116) and 
duration on the open arms (D; * 
P=0.044) were measured on the 
elevated plus maze. 
 

Figure S5. Acute and long-term effect of hippocampal ketamine on strategy of swim 
behavior. Bilateral dorsohippocampal injection of saline (n=6) or ketamine (0.25 µg, n=6-
8; 2.5 µg, n=8) were given 1 h (A) or 9 days (B) before the test. Ketamine treatment 
caused differences from saline controls with respect to swim strategy only in the 0.25 µg 
dose. The effect was highest acutely after ketamine injection (A). * P<0.05, # P<0.2 vs. 
saline. 
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Figure S7. Long-term effects of hippocampal ketamine injection on locomotion and contextual fear 
conditioning in C57BL/6J mice. Open field behavior was measured 1 day after hippocampal injection of 
ketamine (0.25 µg; n=22) or saline (n=20) for time spent in the center (A), frequency in the center (B), total 
distance moved (C), with no significant differences in either of the parameters measured. Contextual fear 
conditioning took place 5 days after hippocampal injection of ketamine (0.25 µg; n=8) or saline (n=8), and 
48 h later animals were tested for expression of fear memory. No significant differences were observed in 
inactivity (D) or exploration (E). Note that both groups expressed high levels of conditioned fear based on a 
substantially increased inactivity and reduced exploration.  
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Figure S8. Long-term effects of hippocampal ketamine on synaptic hippocampal glutamate 
receptors. Dorso-medial hippocampal synaptosome fractions of mice with dorsohippocampal injections of 
saline or ketamine (0.25 µg, n=6) were used for immunoblotting with glutamate receptor subunit antibodies; 
GluN1 (A), GluN2A (B), GluN2B (C), P-GluA1 (D), GluA1 (E), GluA2 (F). Typical examples of the immuno-
detected protein levels are shown for each treatment (saline, S and ketamine, K) mice, together with the 
coomassie-stained lower part of the gel to the right of each bar graph. ** P=0.007. 
 

 

 

Figure S9. Effect of TAT-GluA23Y 
peptide on locomotor activity. 
The GluA2 blocking peptide (3Y; 
n=9) and control peptide (3A; n=9) 
were injected 1 h before an open 
field test. The peptide had no 
effect on exploration (A) and 
activity (B).  
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Table S1. Statistical results of the FST performance of C57BL/6J mice with pharmacological 
interventions. ANOVA results (F- and P-value) and subsequent t-tests (P-value) for the acute effect of 
imipramine (8 and 16 mg/kg, i.p.), and the acute and long-term effect of local hippocampal infusion of 
ketamine (0.25 and 2.5 mg). Parameters measured (cf. Supplemental Figure 1) and P-values (<0.05, bold; 
<0.2, italics) are indicated. *Non-parametric test results (Kruskall-Wallis and Mann-Whitney U-test) are 
indicated. ‡Albeit significant or a trend towards significance, Kruskall-Wallis/ANOVA did not allow to 
perform post-hoc analysis. 
 

Forced Swim Test ANOVA  t-test  

30 min after Imipramine (i.p.) F-value 

(2,24) 

P-value P-value  

(8 mg/kg) 

P-value  

(16 mg/kg) 

Immobility_last minutes * 0.064 0.022‡ 0.606 

Immobility_total * 0.001 <0.001 0.001 

Total_activity 13.023 <0.001 0.00018 0.00026 

Latency_first_float 11.058 <0.001 0.00003 0.00284 

Time_strategy_change 5.850 <0.001 0.00795 0.00537 

 

1 h after local ketamine F-value 

(2,17) 

P-value P-value  

(0.25 µg) 

P-value  

(2.5 µg) 

Immobility_last minutes 4.041 0.037 0.0433 0.7025 

Immobility_total 5.542 0.014 0.0074 0.7182 

Total_activity 5.897 0.011 0.0123 0.4892 

Latency_first_float 1.138 0.344 0.2402 0.2574 

Time_strategy_change 4.957 0.020 0.0166 0.0434 

 

9 days after local ketamine F-value 

(2,21) 

P-value P-value  

(0.25 µg) 

P-value  

(2.5 µg) 

Immobility_last minutes 3.433 0.051 0.0370‡ 0.0528‡ 

Immobility_total 3.523 0.048 0.0123 0.1104 

Total_activity 0.672 0.521 0.2761 0.7887 

Latency_first_float 4.633 0.022 0.0364 0.0324 

Time_strategy_change 3.977 0.034 0.0020 0.2088 
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Table S2. Statistical results of the FST performance by imipramine and strain difference. Values of t-
tests (P-value) for the long-term effect of imipramine (6-8 mg/kg/day, s.c. in C57BL/6J mice) and the strain 
difference between C57BL/6J and DBA/2J mice. Parameters measured (cf. Supplemental Figure 1) and P-
values (<0.05, bold; <0.2, italics) are indicated. 
 

Forced Swim Test Imipramine (minipump) Strain difference 

 P-value P-value 

Immobility_last minutes 0.9876 0.0001 

Immobility_total 0.1984 0.0034 

Total_activity 0.0170 0.0074 

Latency_first_float 0.2546 0.0207 

Time_strategy_change 0.0280 0.9999 
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Table S3. Statistical results of anxiety tests and contextual fear conditioning performances after 
pharmacological intervention in C57BL/6J mice. T-test or Mann-Whitney U test (P-value) for the long-
term effect of imipramine (6-8 mg/kg/day, s.c. by minipump) and long-term effect of local hippocampal 
infusion of ketamine (0.25 mg). Parameters measured, time after insertion of a minipump or local injection, 
and P-values (<0.05, bold; <0.2, italics) are indicated. 
 

Anxiety & learning   t-test / MWU test 

Imipramine minipump days post 

minipump 

test parameter P-value 

Novelty exploration 13 Latency exploration 0.8308 

  Duration exploration 0.4012 

Open field 15 Duration center 0.9979 

  Frequency center 0.9321 

  Duration center 0.6753 

Elevated plus maze 16 Duration open arms 0.1755 

  Frequency open arms 0.4321 

Fear conditioning 19 Inactivity pre-shock 0.2312 

 19 Exploration pre-shock 0.3147 

 21 Inactivity 48 h post-shock 0.6858 

 

Local Ketamine days post 

Ketamine 

test parameter P-value (0.25 µg) 

Novelty exploration 0.25 Latency exploration 0.4427 

  Duration exploration 0.0250 

Open field 1 Duration center 0.2547 

  Frequency center 0.2232 

  Duration center 0.8578 

Elevated plus maze 2 Duration open arms 0.0440 

  Frequency open arms 0.1160 

Fear conditioning 5 Inactivity pre-shock 0.8749 

 5 Exploration pre-shock 0.4299 

 7 Inactivity 48 h post-shock 0.9056 
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Table S5. Statistical analyses of FST performance test after molecular intervention in C57BL/6J 
mice. T-tests (P-value) for the acute effect of local GluA2 endocytosis block using the GluA23Y peptide and 
GluA23A control peptide (15 pmol per side, 30 pmol total). Parameters measured (cf. Supplemental Figure 
1) and P-values (<0.05, bold) are indicated. 
 

Behavioral despair t-test 

1 h after local GluA2 endocytosis block P-value (30 pmol) 

Immobility_last minutes 0.0331 

Immobility_total 0.0210 

Total_activity 0.3508 

Latency_first_float 0.0004 

Time_strategy_change 0.9732 

 

Immunoblot analysis t-test 

Strain difference P-value 

GluA1 0.295 

GluA2 0.125 

GluN1 0.924 

GluN2A 0.013 

GluN2B 0.727 

 

9 days post local Ketamine P-value 

GluA1 0.675 

P-GluA1 0.007 

GluA2 0.928 

GluN1 0.398 

GluN2A 0.522 

GluN2B 0.585 

Table S4. Immunoblot analysis for 
hippocampal synaptic membrane 
glutamate receptor subunits. Statistical 
analyses for strain difference between 
C57BL/6J and DBA/2J mice (cf. Figure 3), 
and the long-term effects of local ketamine 
injection (0.25 µg). P-values (<0.05, bold) 
are indicated.  



 

	  


