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Ketamine is a noncompetitive N-methyl-D-aspartate (NMDA) re-
ceptor antagonist that produces rapid antidepressant action in
some patients with treatment-resistant depression. However, re-
cent data suggest that ∼50% of patients with treatment-resistant
depression do not respond to ketamine. The factors that contrib-
ute to the nonresponsiveness to ketamine’s antidepressant action
remain unclear. Recent studies have reported a role for secreted
glycoprotein Reelin in regulating pre- and postsynaptic function,
which suggests that Reelin may be involved in ketamine’s antide-
pressant action, although the premise has not been tested. Here,
we investigated whether the disruption of Reelin-mediated syn-
aptic signaling alters ketamine-triggered synaptic plasticity and
behavioral effects. To this end, we used mouse models with ge-
netic deletion of Reelin or apolipoprotein E receptor 2 (Apoer2), as
well as pharmacological inhibition of their downstream effectors,
Src family kinases (SFKs) or phosphoinositide 3-kinase. We found
that disruption of Reelin, Apoer2, or SFKs blocks ketamine-driven
behavioral changes and synaptic plasticity in the hippocampal CA1
region. Although ketamine administration did not affect tyrosine
phosphorylation of DAB1, an adaptor protein linked to down-
stream signaling of Reelin, disruption of Apoer2 or SFKs impaired
baseline NMDA receptor–mediated neurotransmission. These re-
sults suggest that maintenance of baseline NMDA receptor func-
tion by Reelin signaling may be a key permissive factor required
for ketamine’s antidepressant effects. Taken together, our results
suggest that impairments in Reelin-Apoer2-SFK pathway components
may in part underlie nonresponsiveness to ketamine’s antidepressant
action.
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Major depressive disorder (MDD) is a serious disorder that
affects ∼20.6% of the US population and is a leading cause

of suicide (1). One crucial problem in treating patients with MDD
is an incomplete response rate to medications, where a large frac-
tion of patients do not show a response to primary antidepressant
medications (2, 3). Recent clinical findings demonstrate that a
subanesthetic dose of ketamine, a noncompetitive N-methyl-D-as-
partate receptor (NMDAR) antagonist, produces rapid antidepres-
sant effects within hours in some patients with treatment-resistant
depression or MDD (4–6). However, ∼50% of patients with
treatment-resistant depression do not respond to ketamine (7),
and factors involved in the nonresponsiveness to ketamine remain
unclear.
The hippocampus is a brain region that has been linked to the

pathophysiological changes in MDD. Patients with MDD show a
decrease in hippocampal volume and function (8–12). In contrast,
MDD patients treated with classic antidepressants have a reversal
in hippocampal volume changes along with an improvement in
hippocampus-dependent cognitive function (13–15). Previous pre-
clinical studies have shown animal models of depression also exhibit
a decrease in hippocampal volume and function (13), and hip-
pocampal synaptic functional enhancement is required to me-
diate antidepressant responses (16–18). This enhancement of

hippocampal function has been suggested to be a key require-
ment to exert an antidepressant response.
Ketamine induces rapid molecular changes that elicit synaptic

plasticity in the hippocampus (16, 19–22). Specifically, ketamine
rapidly generates synaptic potentiation of field excitatory post-
synaptic potentials (fEPSPs) in CA3–CA1 synapses in the hippo-
campus (ketamine potentiation) by inducing the rapid translation
of brain-derived neurotrophic factor (BDNF) and trafficking of
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs) onto the postsynaptic surface (16, 19, 23, 24). Recent
studies have shown that if key factors for the antidepressant effects
of ketamine, such as BDNF (16, 25, 26) or AMPA receptors (16,
27), are deleted or blocked, the synaptic potentiation in the hip-
pocampus concurrently disappears, suggesting that the synaptic
potentiation underlies ketamine’s antidepressant effects (16, 19).
Ketamine-mediated potentiation of fEPSPs in CA3–CA1

synapses has been shown to require a block of NMDAR activation
by spontaneous glutamate release. Ketamine produces synaptic
potentiation in the presence of tetrodotoxin, which blocks sodium
channels, and thereby the generation of action potentials, sug-
gesting that blocking NMDARs activated by the spontaneous
presynaptic release is key to producing the synaptic potentiation
(19, 21, 28, 29). In agreement with this premise, deletion of
Vps10p-tail-interactor-1a (Vti1a) and vesicle-associated membrane
protein 7 (VAMP7), which are soluble N-ethylmaleimide–sensitive
factor attachment protein receptor proteins selectively involved in
spontaneous neurotransmitter release (30, 31) in the CA3 hip-
pocampal region, occluded the ketamine potentiation (32). Collec-
tively, these lines of evidence suggest spontaneous glutamate release,
and NMDARs are important factors for ketamine potentiation.
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Thus, it is possible that if these pre- or postsynaptic components
are impaired, ketamine may not produce the synaptic potentia-
tion and antidepressant effects.
Reelin is a secreted glycoprotein and acts as a neuromodulator

in the adult brain by regulating pre- and postsynaptic machinery.
Reelin binds to its receptors, apolipoprotein E receptor 2 (Apoer2)
and very-low-density lipoprotein receptor (VLDLR) and increases
tyrosine phosphorylation in Disabled-1 (DAB1) (33–35). The
Reelin pathway regulates pre- or postsynaptic function through
its downstream signaling pathways in the adult brain. In pre-
synaptic terminals, the Reelin-Apoer2 pathway activates phos-
phoinositide 3-kinase (PI3K) and increases Ca2+ release from
intracellular stores, which in turn mobilizes VAMP7-containing
synaptic vesicles and augments spontaneous release (31). At the
postsynaptic sites, Reelin’s binding to Apoer2 reciprocally acti-
vates DAB1 and Src family kinases (SFKs). Subsequently, the
activated SFKs increase tyrosine phosphorylation in NMDAR
subunits, GluN2A and GluN2B (34–37), and increase NMDAR
open probability (37–39). Since pre- and postsynaptic compo-
nents regulated by Reelin have been suggested to be important
for ketamine potentiation (16, 19–21, 32), it is conceivable that
disrupted Reelin signaling may abrogate the antidepressant ac-
tion and synaptic plasticity of ketamine.
To examine this premise, we used genetically modified mice

with a deletion of either Reelin or Apoer2 and investigated
changes in antidepressant-like behaviors and synaptic potentia-
tion in the CA1 hippocampal region following ketamine treat-
ment. We also used pharmacological inhibitors to examine the
effects of signaling molecules downstream of Reelin-Apoer2,
specifically SFKs and PI3K, on ketamine-induced behavioral
changes and synaptic plasticity. Lastly, we investigated whether
the disruption of ketamine’s effects is due to a requirement for
the activation of Reelin-dependent signaling or the impairment
of NMDAR function by the disruption of Reelin-dependent
signaling. Our results suggest that disruption of the Reelin-
Apoer2-SFKs pathway depresses NMDAR function and dimin-
ishes ketamine’s use-dependent NMDAR antagonism, thereby
rendering synapses nonresponsive to ketamine’s action as well as
subsequent antidepressant responses. Taken together, these re-
sults provide insight into understanding the cellular and molec-
ular mechanisms underlying ketamine’s antidepressant effects.

Results
Genetic Deletion of Reelin in the Adult Brain Abolishes the Ketamine-
Mediated Behavioral Changes and Synaptic Potentiation. To inves-
tigate the effects of disrupted Reelin on the ketamine-mediated
behavioral and synaptic changes, we generated conditional
knockout (cKO) mice by mating Reelinflox/flox mice with an in-
ducible Cre-expressing line (CAG-CreERT2) using tamoxifen
treatment, as previously reported (40). Since Reelin is important
in the development of the brain structure (41), tamoxifen was given
at 2 mo of age to delete Reelin after the developmental period and
thereby avoid potential confounding factors. In this cKO mouse,
Reelin expression is decreased to less than 5% in the hippocampal
region and globally in the brain after tamoxifen treatment. There
were no developmental defects in the cKO mice, as previously
described (40).
The forced swim test (FST) has been shown to have high

predictive and face validity for ketamine-mediated antidepres-
sant action (16, 25–27, 42). Therefore, we examined the rapid,
antidepressant-like effects of ketamine 2 h after injection in Reelin
cKO and wild-type (WT) littermate control mice in the FST.
Ketamine treatment significantly reduced the time spent immobile
in the WT but not Reelin cKO mice (Fig. 1A). We also observed
that ketamine treatment increased the swimming time of WTmice
but not Reelin cKO mice (SI Appendix, Fig. S1A). Together, these
results suggest Reelin is necessary for the ketamine-mediated
behavioral changes in the FST.

We next investigated the effects of Reelin on ketamine-induced
hippocampal synaptic plasticity. fEPSPs were measured before
and after ketamine or vehicle (artificial cerebrospinal fluid, ACSF)
application in the CA1 hippocampal area of Reelin WT and cKO
mice. Ketamine application produced significant synaptic po-
tentiation in WT slices but not in cKO slices, compared with
slices perfused with ACSF under the same conditions (Fig. 1 B and
C). We also analyzed the input–output (I–O) relationship before
and after ketamine treatment to validate the changes in basal
neurotransmission. The slope change ratio of the I–O curve was
significantly increased after ketamine treatment in WT but not
cKO slices (Fig. 1 D and E), indicating a requirement of Reelin for
ketamine-enhanced synaptic efficacy. The comparison of slopes of
I–O curves between WT and cKO slices during baseline recordings
revealed no significant difference (SI Appendix, Fig. S2A), sug-
gesting that the abolished ketamine effects are not due to impaired
basal neurotransmission. We also analyzed paired-pulse ratios
(PPRs) in the WT and cKO slices to determine if any presynaptic
functional changes were induced by ketamine treatment or geno-
type factor. No significant changes were observed in all comparison
groups, suggesting that presynaptic release probability was not
affected by ketamine or deletion of Reelin (SI Appendix, Fig.
S3 A–C).

Genetic Deletion of Apoer2 Blocks the Behavioral Changes and
Synaptic Potentiation by Ketamine. Reelin activates downstream
signaling by binding to its receptors, Apoer2 and VLDLR (33,
35, 36, 43, 44). We, therefore, considered the downstream signaling
of Reelin through Apoer2 or VLDLR in ketamine-mediated be-
havioral and synaptic changes. Previous studies have demonstrated
that Reelin has a six to nine times higher binding affinity for
Apoer2 than the VLDLR, indicating a more crucial role of Apoer2
in Reelin-dependent signaling, compared with the VLDLR in
physiological conditions (36, 45, 46). In addition, Vldlr knockout
(KO) mice have confounding factors for behavioral analysis, such
as a hyperactivity phenotype, that is not observed in Apoer2 KO
mice (36). Therefore, we investigated ketamine-mediated behav-
ioral and synaptic changes in Apoer2 KO mice.
We tested the Apoer2 KO mice and WT littermate controls in

the FST. Ketamine-treated WT littermate control mice showed a
significant reduction in the time spent immobile compared with
vehicle-treated WT mice. Unexpectedly, saline-treated Apoer2
KO mice also showed a significant reduction of immobility com-
pared with saline-treated WT mice, indicating that the deletion of
Apoer2 reduces the baseline in the FST. However, ketamine
treatment did not further reduce the duration of immobility in
Apoer2 KO mice compared with saline-treated Apoer2 KO mice
(Fig. 2A). Conversely, in the measurement of cumulative swim-
ming duration, Apoer2 KO mice showed an increase in swimming
duration compared with saline-treated WT mice, and ketamine
treatment did not further increase the swimming duration in
Apoer2 KO mice (SI Appendix, Fig. S1B). These data suggest that
the deletion of Apoer2 occludes ketamine-mediated behavioral
effects in the FST. To confirm the occluded antidepressant-like
effects of ketamine in Apoer2 KO mice, we next performed the
novelty-suppressed feeding test (NSFT) and evaluated anhedonia-
like behaviors by measuring the latency to feed (47). Ketamine
significantly reduced the latency to feed in WT mice compared
with vehicle-treated WT mice, indicative of an antidepressant-like
effect of ketamine. Unlike the baseline change in the FST, vehicle-
treated Apoer2KOmice did not show any significant change in the
latency to feed compared with vehicle-treated WTmice. However,
ketamine did not change the latency to feed in Apoer2 KO mice
(Fig. 2B). To confirm that the results of NSFT are not induced by
abnormal food intake, we measured the weight of consumed chow
immediately after the NSFT. No significant difference was ob-
served between groups (Fig. 2C). Taken together, these results

2 of 11 | PNAS Kim et al.
https://doi.org/10.1073/pnas.2103079118 A key requirement for synaptic Reelin signaling in ketamine-mediated behavioral and

synaptic action

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103079118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103079118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103079118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103079118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103079118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103079118/-/DCSupplemental
https://doi.org/10.1073/pnas.2103079118


suggest that the deletion of Apoer2 occludes or abolishes ketamine-
mediated, antidepressant-like behavioral changes.
Next, to examine whether the ketamine potentiation is affected

by the Apoer2 deletion, we measured fEPSPs in CA1 hippocampal
slices collected from Apoer2 WT or KO mice. In WT slices, ket-
amine treatment produced a significant potentiation that was not
observed in the KO slices (Fig. 2 D and E). In the analysis of the
I–O curve before and after the ketamine treatment, the slope of
the I–O curve was significantly increased after ketamine treatment
in both the WT slices and the KO slices (Fig. 2 F and G). How-
ever, ketamine perfusion increased the slope of the I–O curve to
62% in the WT slices (WT+Ket in Fig. 2F) but only to 14% in the
KO slices (KO+Ket in Fig. 2G), showing attenuation of ketamine-
mediated synaptic changes in Apoer2 KOs. In the comparison of
the baseline I–O curve between the WT and Apoer2 KO slices,
there was no significant difference (SI Appendix, Fig. S2B), sug-
gesting that the deletion of Apoer2 does not affect basal neuro-
transmission. We also examined PPRs by ketamine treatment or
genotype factor in the WT and KO slices. No significant changes
were observed in any of the comparison groups (SI Appendix, Fig.
S3 D–F), indicating that presynaptic release is not changed by
ketamine or the deletion of Apoer2.

Pharmacological Inhibition of Src Family Kinases Blocks the Behavioral
Effects and Synaptic Potentiation by Ketamine. Our results show that
the deletion of Reelin and its receptor, Apoer2, blocked the
antidepressant-like behavioral effects and synaptic functional
changes following ketamine treatment. These results suggest that
signaling molecules downstream of Reelin-Apoer2 may be involved
in ketamine’s antidepressant efficacy. One possible signaling path-
way is an SFKs-dependent postsynaptic pathway. SFKs, such as Src
and Fyn, are nonreceptor tyrosine kinases that increase tyrosine
phosphorylation of NMDAR subunits (GluN2A and GluN2B) in
response to Reelin (35, 37). These phosphorylation changes activate
NMDAR function, increase Ca2+ influx through the NMDAR
(37–39), and also counter the beta-amyloid–mediated decrease
in NMDAR function (48). Since ketamine is an open-channel
NMDAR blocker that acts in a use-dependent manner (49), in-
hibition of SFKs may impair ketamine’s NMDAR blockade by
suppressing the opening of the NMDAR channel (38, 50). To test
this hypothesis, we used a brain-penetrable, SFKs-specific inhibi-
tor, AZD0530 (AZD) (51, 52). To validate its pharmacological
action, we measured the phosphorylation level of GluN2A (Y1325)
and GluN2B (Y1472), known target residues for SFKs (53, 54), in
the hippocampus 30 min after intraperitoneal (i.p.) injection of
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Fig. 1. Ketamine does not produce antidepressant-like behavioral changes and synaptic potentiation in Reelin cKO mice. (A) Accumulated time mice spent
immobile during the FST performed 2 h after ketamine injection. Ketamine significantly decreased immobility in WT mice but not in cKO mice [two-way
ANOVA with Tukey’s multiple comparisons, Genotype × Drug: F(1, 19) = 4.815, P = 0.0408, Genotype: F(1, 19) = 15.68, P = 0.0008, Drug: F(1, 19) = 11.47, P = 0.0031,
n = 5 to 6 per group]. (B) Ketamine potentiation was measured after 20 min of baseline measurement, 30 min of ketamine perfusion, and 1 h of washout
period in the hippocampal CA1 region. All responses were normalized to respective baselines. (Inset) Representative waveforms from baseline (black) or
ketamine potentiation (red) measurement. (C) A bar graph that summarizes the magnitude of ketamine potentiation of respective groups measured in B.
Significantly increased potentiation magnitude by ketamine was observed in WT mice but not in cKO mice [two-way ANOVA with Tukey’s multiple com-
parisons, Genotype × Drug: F(1, 21) = 37.82, P < 0.0001, Genotype: F(1, 21) = 5.226, P = 0.0327, Drug: F(1, 21) = 20.50, P = 0.0002, n = 5 to 8 per group]. (D and E)
I–O curves measured during baseline and potentiation measurement in B. Initial slopes of fEPSPs versus presynaptic volley values are plotted at 4, 8, 12, 16, 20,
and 24 μA stimulation intensity. The slope of the I–O curve is significantly increased after ketamine treatment in slices fromWT mice but not in slices from cKO
mice [paired t test, WT+Ket (D): t(5) = 3.671, P = 0.0144, n = 6; cKO+Ket (E): t(7) = 1.129, P = 0.2961, n = 8]. All data represented as mean ± SEM; *P < 0.05, **P <
0.01, and ***P < 0.001.
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Fig. 2. Ketamine does not produce antidepressant-like behavioral changes and synaptic potentiation in Apoer2 KO mice. (A) Accumulated time mice spent
immobile during the FST performed 2 h after ketamine injection. Ketamine significantly decreased immobility in WT mice. Apoer2 KO mice showed reduced
immobility, compared with vehicle-treated WT mice. Ketamine did not further reduce the immobility in Apoer2 KO mice [two-way ANOVA with Tukey’s
multiple comparisons, Genotype × Drug: F(1, 35) = 7.535, P = 0.0095, Genotype: F(1, 35) = 11.36, P = 0.0018, Drug: F(1, 35) = 1.362, P = 0.2511, n = 9 to 10 mice per
group]. (B) NSFT. Latency to feed was measured 2 h after ketamine i.p. injection. Ketamine significantly reduced latency to feed in WT mice but not in Apoer2
KO mice [two-way ANOVA with Tukey’s multiple comparisons, Genotype × Drug: F(1, 27) = 8.509, P = 0.0070, Genotype: F(1, 27) = 3.194, P = 0.0851, Drug: F(1,
27) = 2.413, P = 0.1319, n = 6 to 9 per group]. (C) A bar graph that represents the amount of consumed food. Immediately after the NSFT, the mouse was
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between groups [two-way ANOVA with Tukey’s multiple comparisons, Genotype × Drug: F(1, 27) = 0.803, P = 0.3782, Genotype: F(1, 27) = 1.352, P = 0.2551,
Drug: F(1, 27) = 2.087, P = 0.1591, n = 6 to 9 per group]. (D) Ketamine potentiation was measured after 20 min of baseline measurement, 30 min of ketamine
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during baseline (black) or ketamine potentiation (red) measurement. (E) A bar graph that summarizes the magnitude of ketamine potentiation of respective
groups measured in D. Significantly increased potentiation magnitude by ketamine was observed in WT mice but not in KO mice [two-way ANOVA with
Tukey’s multiple comparisons, Genotype × Drug: F(1, 36) = 5.181, P = 0.0289, Genotype: F(1, 36) = 8.669, P = 0.0056, Drug: F(1, 36) = 21.62, P < 0.0001, n = 8 to 12
per group]. (F and G) I–O curves measured during baseline and potentiation measurement in D. Initial slopes of fEPSPs versus presynaptic volley values are
plotted at 4, 8, 12, 16, 20, and 24 μA stimulation intensity. The slope of the I–O curve was significantly increased after ketamine treatment in both the WT
slices and the KO slices [paired t test, WT+Ket (F): t(9) = 3.334, P = 0.0087, n = 10; KO+Ket (G): t(10) = 3.709, P = 0.004, n = 11]. However, the increase rate of the
slope by ketamine perfusion was 62% in the WT+Ket group but only 14% in the KO+Ket group. All data represented as mean ± SEM; *P < 0.05, **P < 0.01,
and ***P < 0.001.
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AZD. The AZD treatment resulted in a significant decrease in
phosphorylation of GluN2A and a slight but not significant de-
crease in phosphorylation of GluN2B compared with the re-
spective vehicle-treated groups (Fig. 3A). These results show that
an i.p. injection of AZD inhibits SFKs in the hippocampus, al-
though the inhibition was not strong enough to decrease the
phosphorylation level of GluN2B. Next, we conducted the FST,
with mice given AZD 30 min before ketamine injection and tested
2 h after the ketamine injection. We found that AZD-pretreated
mice did not show changes in the duration of immobility or
swimming following ketamine treatment (Fig. 3B and SI Appendix,
Fig. S1C), suggesting that inhibition of SFKs prevents ketamine-
mediated behavioral changes in the FST.
Next, we investigated the effects of SFK inhibition on the

ketamine potentiation with PP2, a widely used SKF inhibitor. We
treated slices with PP2 during the entire recording and measured
ketamine potentiation. Ketamine treatment produced a significant
potentiation in vehicle-treated slices but not in PP2-pretreated
slices (Fig. 3 C and D). We confirmed that inhibition of SFKs
attenuated ketamine potentiation by also examining AZD. Similar
to PP2, AZD application significantly reduced ketamine potenti-
ation (SI Appendix, Fig. S4). We next analyzed the slope of the
I–O curve before and after ketamine treatment and observed that
the slope of the I–O curve was markedly increased by ketamine
treatment in both the vehicle-treated slices and the PP2-treated
slices. However, ketamine perfusion showed a 66% increase in the
slope of the I–O curve in the vehicle-treated slices (Veh+Ket in
Fig. 3E) but only 15% in the PP2-treated slices (PP2+Ket in
Fig. 3F). These results show that inhibition of SFKs impairs
ketamine-mediated synaptic changes. The slopes of the I–O curves
during baseline recording were not markedly different between
vehicle- and PP2-treated slices (SI Appendix, Fig. S2C), suggesting
that the inhibition of SFKs does not affect basal neurotransmis-
sion. We also observed that neither ketamine nor PP2 treatment
altered PPRs (SI Appendix, Fig. S3 G–I), indicating that presyn-
aptic release is not affected either by ketamine or SFKs inhibition.
Lastly, to confirm the pharmacological blockade by PP2 during the
recordings, we measured tyrosine phosphorylation levels of GluN2A
and GluN2B, which are both SFK substrates, in recorded slices. The
phosphorylation levels of GluN2A and GluN2B were significantly
reduced in the PP2-treated slices compared with the vehicle-treated
slices (Fig. 3G), demonstrating that the abolished ketamine poten-
tiation by PP2 treatment is possibly due to suppression of NMDAR
phosphorylation and activity (37–39, 55).

Pharmacological Inhibition of PI3K Does Not Block Ketamine Potentiation.
The results presented show that Reelin’s control of postsynaptic
signaling impacts ketamine’s action. Next, we examined the role
of Reelin in presynaptic signaling underlying spontaneous release.
Reelin is known to increase spontaneous neurotransmission in
presynaptic terminals through activation of the PI3K-AKT path-
way (31). Since we previously showed that impaired spontaneous
neurotransmission occludes ketamine potentiation (32), we exam-
ined the effects of PI3K inhibition on ketamine-induced synaptic
potentiation with LY294002, a PI3K inhibitor. We found that ket-
amine treatment produced robust synaptic potentiation in vehicle-
treated slices as well as in LY294002-treated slices (Fig. 4 A and
B). Ketamine treatment also significantly increased the slope of the
I–O curve in both vehicle- and LY294002-treated slices (Fig. 4 C
and D), indicating that PI3K inhibition does not affect ketamine-
induced augmentation of synaptic plasticity. The slopes of the
I–O curves during baseline in both vehicle- and LY294002-
treated slices were indistinguishable (SI Appendix, Fig. S2D).
There were also no significant differences in PPRs by either ketamine
or LY294002 treatment (SI Appendix, Fig. S3 J–L). These results
suggest that PI3K inhibition does not affect basal pre- and postsyn-
aptic function. To confirm the pharmacological effect of LY294002
under our study conditions, we measured the phosphorylation level of

AKT, a substrate of PI3K, in the recorded slices. In LY294022-
treated slices, AKT phosphorylation was significantly reduced
compared with vehicle-treated slices (Fig. 4E).

Disruption of Apoer2 or SFKs Suppresses NMDAR Function. Our re-
sults show that blocking Reelin, Apoer2, or SFKs signaling prevents
the antidepressant-like behavioral changes and synaptic potentia-
tion induced by ketamine. These results can be interpreted in two
ways. First, activation of the Reelin-Apoer2-SFKs pathway may be
required for the ketamine-mediated behavioral and synaptic
changes. Or secondly, disruption of the Reelin-Apoer2-SFKs path-
way may impair baseline NMDAR-mediated neurotransmission and
thereby occlude the ketamine’s effects. To examine these possibili-
ties, we measured the expression of Reelin and the phosphorylation
levels of GluN2A and GluN2B (Fig. 5 A and B), which are substrates
of the Reelin-Apoer2-SFKs pathway (35), in the hippocampus 10
and 30 min after ketamine injection. We observed that the Reelin
expression level was similar in the ketamine-treated group compared
with the saline-treated group. However, the phosphorylation level of
GluN2A was significantly increased 10 min after ketamine treat-
ment, raising the possibility that ketamine may facilitate Reelin-
dependent signaling. The increased phosphorylation level was
normalized to baseline 30 min after injection (Fig. 5 A and B). In
contrast, the phosphorylation level of GluN2B was not significantly
changed at the 10 or 30 min time point (Fig. 5 A and B). We also
examined the phosphorylation of AKT to confirm the effects of
ketamine on the PI3K pathway. Consistent with the above
finding that PI3K inhibition does not impact ketamine-induced
synaptic plasticity, no significant changes in AKT phosphoryla-
tion were observed at any tested time points (Fig. 5 A and B).
Although Reelin protein expression and its downstream sig-

naling effectors, such as GluN2B and AKT, were not signifi-
cantly altered by ketamine, it is still possible that the increased
secretion of Reelin may activate its downstream signaling and
transiently increase phosphorylation of GluN2A. Previous studies
have shown that phosphorylation at tyrosine residues of DAB1 is a
key determinant of the activated Reelin-dependent signaling
pathway (33–35). Thus, we examined the levels of DAB1 tyrosine
phosphorylation with immunoprecipitation 10 min after ketamine
injection to confirm whether the increased phospho-GluN2A level
is due to activated Reelin signaling. However, the tyrosine phos-
phorylation levels of DAB1 in ketamine-treated mice were compa-
rable to those of saline-treated mice, suggesting that the transient
increase in GluN2A phosphorylation by ketamine is not induced by
the activation of Reelin signaling (Fig. 5C).
Next, we tested the second possibility that disruption of the

Reelin-Apoer2-SFKs pathway leads to the suppression of basal
NMDAR function. Since ketamine is a use-dependent NMDAR
antagonist (49), if the NMDAR function is suppressed by the
disruption of Reelin-Apoer2-SFKs, then ketamine’s action on the
NMDAR would be expected to be attenuated. To explore this
possibility, we measured NMDAR-induced fEPSPs from Apoer2
KO mice or PP2-treated slices and analyzed I–O curves. The
slopes of the NMDAR-induced fEPSPs’ I–O curves, measured in
slices from Apoer2 KO mice or PP2-treated slices, were signifi-
cantly decreased compared with the respective controls (Fig. 5 D
and E), suggesting a decrease in the efficacy of NMDAR-mediated
neurotransmission. Collectively, these data show that the disrup-
tion of the Reelin-Apoer2-SFKs pathway prevents ketamine’s ef-
fects by removing a permissive condition likely due to the impairment
of baseline NMDAR-mediated postsynaptic responses (SI Ap-
pendix, Fig. S5).

Discussion
In this study, we demonstrate that genetically deleted or pharma-
cologically inhibited Reelin, the Reelin receptor Apoer2, or down-
stream SFK signaling prevents the ketamine-induced, antidepressant-
like behavioral changes and synaptic potentiation in the CA1
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Fig. 3. SFKs inhibition abolishes ketamine-mediated behavioral changes and synaptic potentiation. (A) Western blots and quantification showing GluN2A
phosphorylation but not GluN2B phosphorylation was significantly decreased by AZD treatment [unpaired t test, pGluN2A/GluN2A: t(12) = 2.423, P = 0.0322;
pGluN2B/GluN2B: t(11) = 1.459, P = 0.1727, n = 6 to 7 per group]. (B) Accumulated time the mice spent immobile during the FST performed 2 h after ketamine
injection. AZD was injected 30 min before the ketamine injection. Pretreatment of AZD prevented the significant reduction of immobility by ketamine [two-
way ANOVA with Tukey’s multiple comparisons, AZD × ketamine: F(1, 35) = 5.285, P = 0.0276, AZD: F(1, 35) = 3.740, P = 0.0613, ketamine: F(1, 35) = 2.514, P =
0.1218, n = 9 to 10 per group]. (C) Ketamine potentiation was measured after 20 min of baseline measurement, 30 min of ketamine perfusion, and 1 h of
washout period in the hippocampal CA1 region. PP2 was applied for the whole duration of the experiment. All responses were normalized to respective
baselines. (Inset) Representative waveforms during baseline (black) or ketamine potentiation (red) measurement. (D) A bar graph that summarizes the
magnitudes of ketamine potentiation of respective groups measured in C. PP2 prevented the significant increase of potentiation magnitude induced by
ketamine [two-way ANOVA with Tukey’s multiple comparisons, PP2 × ketamine: F(1, 28) = 1.706, P = 0.2021, PP2: F(1, 28) = 5.095, P = 0.0320, ketamine: F(1, 28) =
18.51, P = 0.0002, n = 6 to 10 per group]. (E and F) I–O curves measured during baseline and potentiation measurement in C. Initial slopes of fEPSPs versus
presynaptic volley values are plotted at 4, 8, 12, 16, 20, and 24 μA stimulation intensity. The slope of the I–O curve was significantly increased after ketamine
treatment in both the vehicle-treated slices and the PP2-treated slices [Wilcoxon matched-pairs signed rank test, DMSO+Ket (E): P = 0.0039, n = 9; PP2+Ket (F):
P = 0.0117, n = 9]. However, the increase rate of the slope following ketamine perfusion was 66% in the Veh+Ket group but reduced to 15% in the PP2+Ket
group. (G) Western blots and quantification of GluN2A, GluN2B, and their respective phosphorylation forms. Samples were collected after completion of
recording in C. GluN2A and GluN2B phosphorylation were significantly decreased by PP2 treatment regardless of ketamine treatment, confirming the
pharmacological effects of PP2 [two-way ANOVA with Tukey’s multiple comparisons, pGluN2A/GluN2A—PP2 × ketamine: F(1, 30) = 1.373, P = 0.2505, PP2:
F(1, 30) = 30.32, P < 0.0001, ketamine: F(1, 30) = 1.452, P = 0.2376, pGluN2B/GluN2B—PP2 × ketamine: F(1, 32) = 0.0051, P = 0.9431, PP2: F(1, 32) = 43.67, P < 0.0001,
ketamine: F(1, 32) = 0.4409, P = 0.5114, n = 8 to 9 per group]. All data represented as mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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hippocampal region. Notably, ketamine does not activate the
Reelin-dependent signaling pathway. Instead, we found that
NMDAR function is depressed when Apoer2 or SFKs are disrupted.
Thus, these results suggest that Reelin-Apoer2-SFKs–mediated
signaling is a key permissive factor of ketamine’s antidepressant
efficacy, possibly by maintaining proper baseline NMDAR function.
These results provide important insights into understanding the
synaptic mechanisms that may render patients nonresponsive to
ketamine’s antidepressant action.
Previous work has demonstrated that ketamine is a use-dependent

NMDAR antagonist, in that the NMDARmust be first activated (or
opened) for ketamine to block NMDARs (49). Therefore, depressed
basal NMDAR activity would be expected to occlude ketamine’s
pharmacological action. Accordingly, we found that disruption of
Apoer2 or SFKs depresses basal NMDAR function, suggesting
that intact Apoer2-SFKs signaling is required to maintain normal
NMDAR activity. In contrast, we found that impaired Reelin-
Apoer2-SFKs pathway components did not affect the I–O curve
slopes, compared with the respective control group, suggesting
basal neurotransmission composed of AMPAR response is intact.
Consistent with our results, previous studies have shown that each
factor of the Reelin-Apoer2-SFKs pathway regulates NMDAR
activity, respectively. Reelin activates NMDAR function by bind-
ing to its receptor, Apoer2, and activating SFKs (35, 37). Apoer2
regulates the phosphorylation and function of NMDARs by
binding to NMDAR subunits, as well as activating its downstream

signaling SFKs (34, 35, 56). SFKs phosphorylate NMDAR sub-
units (GluN2A and GluN2B) and increase receptor function by
enhancing the open probability of NMDAR channels (35, 37–39).
Of note, application of Src, a subfamily of SFKs, in neurons di-
rectly activates NMDAR function and increases NMDAR Ca2+

currents by up-regulating overall tyrosine phosphorylation in
GluN2A and GluN2B (38, 39, 57). Conversely, inhibition of SFKs
has been shown to decrease NMDAR currents (50), consistent
with our findings. These lines of evidence support the role of
Reelin-Apoer2-SFKs pathway in maintaining basal NMDAR
function. Therefore, one parsimonious conclusion is that the
attenuated behavioral and synaptic effects by ketamine in the
presence of impaired Reelin-Apoer2-SFKs pathway may be due
to suppressed NMDAR function. However, we cannot rule out
the possibility that other instructive factors that are regulated by
the Reelin-Apoer2-SFKs pathway may be involved in ketamine-
mediated effects.
Earlier studies raised the question of whether ketamine’s rapid

antidepressant effects are induced by NMDAR antagonism. It
was suggested that a ketamine metabolite, (2R, 6R)-hydroxynorket-
amine, was NMDAR-independent and essential for ketamine’s rapid
antidepressant effects (58). However, in the same study, it was shown
that deuterated ketamine at the C6 position, which is a metabolically
stabilized form, produces rapid antidepressant effects, suggesting that
ketamine is critical for the antidepressant effects (58). Our previ-
ous work demonstrated that (2R, 6R)-hydroxynorketamine blocks
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Fig. 4. PI3K inhibition does not affect ketamine potentiation. (A) Ketamine potentiation was measured after 20 min of baseline measurement, 30 min of
ketamine perfusion, and 1 h of washout period in the hippocampal CA1 region. LY294002 was applied for the whole duration of the experiment. All re-
sponses were normalized to respective baselines. (Inset) Representative waveforms during baseline (black) or ketamine potentiation (red) measurement. (B) A
bar graph that summarizes the magnitudes of ketamine potentiation of respective groups measured in A. LY294002 did not affect synaptic potentiation
induced by ketamine [two-way ANOVA with Tukey’s multiple comparisons, LY294002 × ketamine: F(1, 25) = 0.3351, P = 0.5678, LY294002: F(1, 25) = 0.661, P =
0.4239, ketamine: F(1, 25) = 27.23, P < 0.0001, n = 7 to 8 per group]. (C and D) I–O curves measured during baseline and potentiation measurement in A. Initial
slopes of fEPSPs versus presynaptic volley values are plotted at 4, 8, 12, 16, 20, and 24 μA stimulation intensity. The slope of the I–O curve was significantly
increased after ketamine treatment in both the vehicle-treated and the LY294002-treated slices with similar increase rates [Paired t test, DMSO+Ket (C): t(6) =
3.737, P = 0.0097, n = 7; LY294002+Ket (D): t(6) = 4.528, P = 0.0040, n = 7]. (E) Western blots and quantification of AKT and pAKT. Samples were collected after
completion of the recording in A. AKT phosphorylation was significantly decreased by LY294002 treatment regardless of ketamine treatment, confirming the
pharmacological effects of LY294002 [two-way ANOVA with Tukey’s multiple comparisons, LY294002 × ketamine: F(1, 25) = 0.7331, P = 0.4000, LY294002:
F(1, 25) = 26.89, P < 0.0001, ketamine: F(1, 25) = 0.0690, P = 0.795, n = 7 to 8 per group]. All data represented as mean ± SEM; *P < 0.05 and **P < 0.01.
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NMDAR activity (59), suggesting that the NMDAR blockade is
still involved in the antidepressant effects induced by (2R, 6R)-
hydroxynorketamine (but also see ref. 60). Previous work has
also shown that the antidepressant effects and molecular changes
induced by ketamine were occluded in a genetic mouse model
lacking GluN2A globally or in paralbumin interneurons or lacking
GluN2B in excitatory neurons of broad forebrain regions, in-
cluding the hippocampus (61, 62). While there have been other
hypotheses regarding the NMDAR-independent antidepressant
effects of ketamine (58, 63), there is no mechanistic intracellular
signaling pathway that has been suggested to underlie the effects.
Ketamine likely has many effects in the central nervous system,
but not all of them are linked to rapid antidepressant action. An-
other compelling reason for the role of NMDARs in ketamine’s
antidepressant efficacy is the comparison of the pharmacodynamic
property and antidepressant efficacy between enantiomers of ket-
amine. Ketamine is a racemic mixture of (R)- and (S)-ketamine.
(S)-ketamine has a four times higher binding affinity to the NMDAR
than (R)-ketamine. Recently, (S)-ketamine has been clinically proven
for its antidepressant efficacy (64) and now is approved by the Food

and Drug Administration for treatment-resistant depression (65).
Taken together, these lines of evidence and our current findings
show that NMDAR antagonism is essential to exert ketamine’s
rapid antidepressant effects.
In our results, inhibition of PI3K does not affect ketamine-induced

synaptic potentiation, indicating that disruption of spontaneous neu-
rotransmitter release driven by PI3K-AKT-VAMP7 (31) is not in-
volved in the mechanism underlying ketamine’s antidepressant
effects. However, given that the ablation of both VAMP7 and Vti1a
prevents the ketamine-induced synaptic potentiation (32), we can-
not rule out that the disruption of the PI3K-AKT-VAMP7 pathway
alone is insufficient to affect ketamine’s effects. Indeed, it is
possible there may be additional presynaptic molecules that regulate
ketamine-induced synaptic plasticity. This possibility awaits further
investigation.
In the current study, we observed a transient increase in GluN2A

phosphorylation by ketamine. This result raises the possibility that
ketamine may rapidly activate Reelin-dependent SFKs. However,
the increased levels of phospho-GluN2A are not likely mediated
either by increased Reelin expression or secretion. Specifically, we

Fig. 5. Disruption of Apoer2 and SFKs depresses NMDAR function. (A and B) Western blots and quantification showing changes of protein and phos-
phorylation in the hippocampus 10 min or 30 min after ketamine injection. (B) GluN2A phosphorylation was significantly increased 10 min after ketamine
injection but returned to the control level 30 min after injection. But any significant changes were not observed in the level of Reelin, pGluN2B, and pAKT at
10 and 30 min after ketamine i.p. injection [unpaired t test, pGluN2A/GluN2A—10 min: t(18) = 2.133, P = 0.0470, 30 min: t(14) = 1.292, P = 0.2173; Reelin—10
min: t(18) = 0.0266, P = 0.9791, 30 min: t(12) = 0.3503, P = 0.7322; pGluN2B/GluN2B—10 min: t(18) = 0.2721, P = 0.7887, 30 min: t(14) = 0.6826, P = 0.5060; pAKT/
AKT—10 min: t(18) = 0.8431, P = 0.4103, 30 min: t(14) = 0.7883, P = 0.4436, n = 7 to 10 per group]. (C) Tyrosine phosphorylation was examined after im-
munoprecipitation with DAB1 antibody in the hippocampal lysate. Samples were collected 10 min after ketamine treatment. Ketamine did not change the
tyrosine phosphorylation of DAB1 [unpaired t test, t(7) = 0.2300, P = 0.8246, n = 4 and 5 for saline and ketamine group, respectively]. (D) The slope of the
NMDA I–O curve was significantly decreased in slices from Apoer2 KOmice compared with slices fromWTmice [unpaired t test, t(22) = 2.652, P = 0.0146, n = 11
and 13 for WT and Apoer2 KO, respectively]. (E) The slope of the NMDA I–O curve was significantly decreased in PP2-treated slices, compared with vehicle-
treated slices [unpaired t test, t(22) = 2.430, P = 0.0237, n = 10 and 14 for Veh and PP2, respectively]. All data represented as mean ± SEM; *P < 0.05.
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did not see a change in the level of Reelin expression after
ketamine treatment, suggesting that ketamine does not change
the translation of Reelin within this relatively rapid time frame.
In addition, Reelin has been suggested to be secreted through a
constitutive pathway and not a regulated pathway. The secretion
of Reelin has been shown to be affected by its synthesis and not
neural activity or transmitter release (66). Lastly, we did not see
any changes in the phosphorylation of DAB1, a key adaptor mol-
ecule to mediate activation of Reelin-dependent signaling (35, 67,
68). Thus, presumably, other factors may be involved in the tran-
siently increased phosphorylation of GluN2A (69, 70). Of note, we
cannot rule out a possibility that ketamine-induced activation of
SFKs, which thereby increases NMDAR phosphorylation, could
contribute to ketamine’s effects through parallel mechanisms in
addition to Reelin signaling.
Previous work has reported that ketamine treatment rescues

impairments in juvenile heterozygous reeler mice, including spine
morphology, synaptic transmission abnormalities in the prelimbic
prefrontal cortex (e.g., long-term potentiation, AMPAR sponta-
neous excitatory postsynaptic currents [sEPSCs], and NMDAR
sEPSCs), and memory renewal behaviors (71, 72). Although these
studies seem to contradict our findings of the abolished ketamine’s
effects in Reelin cKO mice, there are several key experimental
differences between the current study and previous work. In the
current study, we used low-dose ketamine (5 mg/kg), compared
with the previous studies in which ketamine rescued the impair-
ments observed in juvenile heterozygote reeler mice robustly at
100 mg/kg but only weakly at 30 mg/kg. The 100 mg/kg ketamine is
close to the anesthetic dose in mice, while 3 to 10 mg/kg ketamine
is typically used to examine antidepressant effects in mice (16, 22,
27, 58). Previous work has shown that ketamine does not produce
antidepressant effects at higher doses (over 20 mg/kg) (22, 58),
and these higher doses do not activate the molecular signaling and
synaptic changes observed with the low doses (22). Therefore, the
observations in the previous work may not necessarily be due to
the antidepressant effects of ketamine. Another key difference is
that we used adult mice in the current study, while the previous
study showed the therapeutic effects of ketamine in juvenile het-
erozygous reeler mice (P22 to P28) (71, 72), although ketamine-
mediated, rapid antidepressant-like behavioral changes and syn-
aptic potentiation are not observed in juvenile mice (20). The
earlier work also examined changes in the prefrontal cortex, while
our findings examined in the hippocampus. These key differences
in experimental conditions may explain the differences in ket-
amine effects in heterozygous reeler mice in the previous studies
(71, 72) and in Reelin cKO mice in our current findings.
In the current study, we assessed synaptic, biochemical, and

behavioral techniques to examine the role of Reelin signaling in
ketamine’s antidepressant action. The behavioral effects of ket-
amine were assessed using the FST, a reproducible and robust
paradigm that recapitulates ketamine’s fast-acting antidepressant
action (16). Previous studies support the predictive and face val-
idities of the FST for ketamine-mediated, antidepressive behav-
ioral changes (16, 25–27, 42), although this paradigm lacks face
and constructive validities as an animal model of depression (73).
In future studies, it will be important to investigate the effects of
ketamine on stress-induced behavioral changes such as anhedonia,
social avoidance, and anxiety in mice with deficient Reelin-Apoer2-
SFKs signaling. This analysis may elucidate whether ketamine is
rescuing depressive-like behavior or activates homeostatic pathways
to compensate for the underlying pathology (24).
The results of this study provide critical information on po-

tential factors that may underlie the lack of antidepressant re-
sponsiveness to ketamine administration. As demonstrated here,
disruption of Reelin and its downstream signaling interferes with
ketamine’s antidepressant action. Interestingly, disrupted Reelin
expression has been observed in some patients with MDD (74).
While the source of Reelin in the mature nervous system remains

poorly understood, there is evidence for Reelin expression in
somatostatin-expressing GABAergic neurons in the forebrain
(75, 76). Taken together, our results show that components of
the Reelin-Apoer2-SFKs pathway act as key permissive factors
required for ketamine’s antidepressant effects and baseline reg-
ulation of NMDAR activity, thus functioning as determinants of
ketamine’s antidepressant efficacy.

Materials and Methods
Mice. Reelin cKO mice were generated as described previously (40). Briefly,
the first exon of the Reelin gene was flanked by loxP, and heterozygous
Reelinflox/wt mice were crossed with CAG-CreERT2 mice, which have a mu-
tated estrogen receptor activated by tamoxifen treatment (77). To induce
the Cre-lox recombination, tamoxifen was given for 5 d at 2 mo of age after
the developmental period. Approximately 1 to 2 mo after tamoxifen injec-
tion, the mice were used for this study.

Apoer2 KO mice were generated as described previously (44). For Apoer2
KO mutation, exons 17 and 18 were substituted with a pol neo cassette. To
get Apoer2 WT and KO mice, Apoer2 heterozygous male and female mice
were mated.

For control mice, C57BL/6J male mice were used for this study. In all ex-
periments, animals aged 2 to 6 mo old were used, and age-matched litter-
mate control and KO animals were used for respective experiments. Animals
were maintained on a 12 h-light/12 h-dark cycle at ambient temperature
(23 ± 3 °C) and humidity (50 ± 20%), with free access to chow pellets and
water. All animal procedures were performed following the Guide for the
Care and Use of Laboratory Animals (78) and were approved by the insti-
tutional animal care and use committee at University of Texas Southwestern
Medical Center or Vanderbilt University.

Drugs. The dosage of drugs was used as follows: for behavior studies, ket-
amine 5 mg/kg (Hospira) and AZD 20 mg/kg (Apexbio) and for field recording
experiments, ketamine 20 μM (Hospira), PP2 10 μM (Apexbio), AZD 5 μM
(Apexbio), and LY294002 10 μM (Apexbio).

Forced Swim Test. Before the FST, mice had been habituated to experi-
menter’s handling for 2 wk (1 min per mouse). A mouse was placed in a 4 L
Pyrex glass beaker containing 3 L water (23 to 25 °C) for 6 min after 2 h of
saline or ketamine treatment. For the SFKs inhibitor experiment, AZD or its
vehicle (5% DMSO in saline) was administrated 30 min before the ketamine
treatment. The accumulated immobility time was measured during the last
4 min except for the first 2 min. The water was changed in each trial.

NSFT. Group-housed animals fasted overnight before the test. On the day of
the test, animals were transferred to a testing room and habituated for 2 h.
For each trial, a fresh food pellet was placed in the middle of a 42 × 42 cm
open-field arena. Approximately 2 h after ketamine treatment, a mouse was
placed in a corner of the arena and allowed to explore for up to 8 min. The
trial was immediately ended when the mouse chewed a part of chow, and
the latency to feed was recorded. Then, the mouse was transferred to the
clean cage with a new food pellet and allowed to eat for 5 min. The consumed
weight of the pellet was recorded to investigate the change of appetite.

Brain Tissue Preparation.Whole brains were sliced (∼1mm thick per slice) using
an ice-chilled matrix for the coronal dissection of the mouse brain (Alto acrylic
1 mmmouse brain coronal, AL-1175). In this setting, two to three hippocampal
slices in the rostral direction were collected. These hippocampal slices were
extracted from both the dorsal and ventral hippocampus. The slices were
immediately frozen and lysed using a radioimmunoprecipitation assay buffer
(50 mM Tris, pH 7.4, 1% Igepal, 0.1% SDS, 0.5% Na deoxycholate, 4 mM EDTA,
150 mM NaCl, cOmpleteTM, mini protease inhibitor cocktail [11836153001,
Roche], and phosSTOPTM [4906845001, Roche]). The total protein amount was
quantified by bicinchoninic acid (BCA) analysis and diluted with 2× Laemmli
sample buffer (Bio-Rad). The prepared samples were boiled at 95 °C for 7 min
and stored at −20 °C for further experiments.

Immunoprecipitation. Tissues were lysed with lysis buffer (50 mM Tris pH7.4,
150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1%
SDS, cOmpleteTM,mini protease inhibitorcocktail, and phosSTOPTM [Roche]).
The protein amount was quantified with BCA analysis. The same amount of
protein was transferred into new tubes. The transferred lysate was incubated
with 20 μL protein G in 1% BSA at 4 °C for 1 h. After the samples were
centrifuged for 14,000 × g for 10 min, the supernatant was transferred and
subjected to immunoprecipitation with anti-mouse DAB1 at 4 °C overnight.
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The next day, the samples were incubated with 20 μL protein G at 4 °C for 3
h. The samples were washed three times with lysis buffer and resuspended in
2× SDS sample buffer. The prepared samples were boiled at 95 °C for 7 min,
centrifuged, and stored at −20 °C for further experiments.

Western Blot. The same amount of total protein per well was loaded on SDS-
polyacrylamide gel electrophoresis gels and then transferred to nitrocellulose
membranes. The membranes were incubated for 1 h at room temperature in
blocking solution (0.1% TBST: 5% skim milk in Tris-buffered saline with 0.1%
Tween). Blots were incubated overnight at 4 °C with the following primary
antibodies: anti-phosphotyrosine (4G10, 05-321, MilliporeSigma), anti–phospho-
NMDAR2B (Y1472, 4208, cell signaling technology), anti–phospho-NMDAR2A
(Y1325, ab16646, Abcam), anti-NMDAR2A (06-313, upstate), anti-NMDAR2B
(06-600, upstate), anti-GAPDH (2118, cell signaling technology), anti–phosphor-
AKT (S473, 9271, cell signaling technology), and anti-AKT (9272, cell signaling
technology); anti-Reelin and anti-DAB1 were kind gifts from Dr. Joachim Herz.
After three times of washing with 0.1% TBST, blots were incubated with sec-
ondary antibodies at room temperature for 2 h. Protein bands were detected
with enhanced chemiluminescence (Bio-Rad) and visualized by exposing the
blots to X-ray film.

Hippocampal Field Recording. The brain was removed, dissected, and then
sliced using a vibratome (VT1000 S, Leica) in ice-cold dissection buffer
(2.6 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 0.5 mM CaCl2, 5 mM
MgCl2, 212 mM sucrose, and 10 mM glucose). ACSF and dissection buffer
were equilibrated with 95% O2 and 5% CO2. Area CA3 was surgically re-
moved from each slice immediately after sectioning. The slices were trans-
ferred into a reservoir chamber filled with ACSF containing the following:
124 mM NaCl, 5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM CaCl2,
2 mM MgCl2, and 10 mM glucose. Slices were allowed to recover for 2 to 3 h
at 30 °C. For recording, slices were transferred to a submerged recording
chamber, maintained at 30 °C, and perfused continuously with ACSF at a
rate of 2 to 3 mL/min. fEPSPs were evoked by stimulation of Schaffer col-
lateral/commissural afferents with a concentric bipolar microelectrode
(CBBRC75, FHC) and recorded with extracellular recording electrodes filled
with ACSF and placed in stratum radiatum of area CA1. A stable baseline
was collected every 30 s using a stimulus yielding 50 to 75% of the maximum
peak. A stable baseline was determined by confirming the lack of sustained
fluctuations over several trials in the value of fEPSP slopes for 20 min of
recording. Then, I–O response was measured to figure out the response in-
tensity using 4, 8, 12, 16, 20, and 24 μA stimulation before and after ket-
amine treatment. To describe the presynaptic functional changes, PPRs were

measured with interstimulus intervals of 20, 30, 50, 100, 200, 400, and
500 ms before and after ketamine treatment. NMDAR-driven fEPSPs were
recorded in solution containing 124 mM NaCl, 2 mM KCl, 3 mM CaCl2,
0.1 mM MgCl2, 10 mM Glucose, 1.2 mM NaH2PO4, 26 mM NaHCO3, and
0.02 mM 6,7-dinitroquinoxaline-2,3-dione. After 20 min of stable baseline,
the initial slope of fEPSP versus presynaptic volley value was measured at 10,
20, 30, and 40 μA stimulation intensity to analyze the I–O curve relationship.

Ketamine potentiation was measured as previously described (19). After
measuring the baseline response for 20 min, ketamine (20 μM) or ACSF was
perfused with a rate of 3 mL/min without recording for 30 min. After the
ketamine perfusion, single stimulation was applied to examine the poten-
tiated response. After 1 h washout period, the recording was resumed for a
further 20 min to confirm the continuation of the potentiation. For inhibitor
experiments, ACSF containing PP2 (10 μM), LY294002 (10 μM), or AZD (5 μM)
was perfused continuously during the whole recording period.

Statistical Analysis. All data were analyzed with GraphPad Prism 8.4.3 soft-
ware. The normal distribution of data was analyzed with the Shapiro–Wilk
test (n < 8) or D’Agostino and Pearson test (n ≥ 8). When data follow a
normal distribution, parametric statistical analysis was used. If not, data
were transformed with the Box–Cox transformation with SPC for Excel
software, or nonparametric statistical analyses were used. For the compari-
son between two groups, unpaired or paired t test, Mann–Whitney test, or
Wilcoxon matched-pairs signed rank test was used. In datasets with two
independent variables, two-way ANOVA followed by Tukey’s multiple
comparisons post hoc test was used. Comparisons were considered to be
statistically significant when P < 0.05.

Data Availability.All study data are included in the article and/or SI Appendix.
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