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Abstract
When administered as a single subanesthetic dose, the N-methyl-D-aspartate (NMDA) receptor antagonist, ketamine, produces
rapid (within hours) and relatively sustained antidepressant actions even in treatment-resistant patients. Preclinical studies have
shown that ketamine increases dendritic spine density and synaptic proteins in brain areas critical for the actions of antidepres-
sants, yet the temporal relationship between structural changes and the onset of antidepressant action remains poorly understood.
In this study, we examined the effects of a single dose of S-ketamine (15 mg/kg) on dendritic length, dendritic arborization, spine
density, and spine morphology in the Flinders Sensitive and Flinders Resistant Line (FSL/FRL) rat model of depression. We
found that already 1 h after injection with ketamine, apical dendritic spine deficits in CA1 pyramidal neurons of FSL rats were
completely restored. Notably, the observed increase in spine density was attributable to regulation of both mushroom and long-
thin spines. In contrast, ketamine had no effect on dendritic spine density in FRL rats. On the molecular level, ketamine
normalized elevated levels of phospho-cofilin and the NMDA receptor subunits GluN2A and GluN2B and reversed homer3
deficiency in hippocampal synaptosomes of FSL rats. Taken together, our data suggest that rapid formation of new spines may
provide an important structural substrate during the initial phase of ketamine’s antidepressant action.

Keywords Ketamine . Antidepressants . Dendritic Spines . Synaptosomes . Homer3 . Cofilin

Introduction

Over the past two decades, clinical studies have repeatedly dem-
onstrated that ketamine, a non-competitive antagonist of the N-
methyl-D-aspartate (NMDA) receptor, produces rapid, robust,
and relatively sustained antidepressant effects in major depressed

and treatment-resistant patients, after a single subanesthetic intra-
venous dose [1–4]. Clinical depression is a serious disorder that
affects approximately 16% of the population at some point in life
[5, 6], and consequently, the use of ketamine has presented an
entirely new approach for reducing depressive symptoms within
hours after treatment. In comparison, commonly used
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antidepressant agents are associated with significant limitations
including moderate efficacy compared with placebo, low re-
sponse rates, and delayed onset of action [7]. However, concerns
about repeated or chronic intravenous administration and poten-
tial psychotomimetic effects of ketamine severely limit its clinical
utility. To address this issue, intranasal administration of keta-
mine is currently under intense investigation as an alternative
delivery route, although this does not eliminate dissociative ex-
periences or abuse potential.

Rapid and long-lasting antidepressant properties of keta-
mine have also been extensively documented in animal
models mimicking various symptoms of depression
(reviewed in 8, 9), thus providing a platform to obtain mech-
anistic insight into the cellular and molecular substrates un-
derlying the behavioral actions of ketamine. Accumulating
evidence suggests that ketamine can reverse synaptic deficits
associatedwith the pathophysiology of depression by acting at
the synaptic level to increase the expression of synaptic pro-
teins and promote structural plasticity in key cortical and lim-
bic brain regions (reviewed in 8,10,11). Although molecular
substrates underlying these effects still remain unclear, sug-
gestedmechanisms involve activation ofα-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors
[12–16], increased expression and release of brain-derived
neurotrophic factor (BDNF) [12, 17–20], and activation of
the mammalian target of rapamycin (mTOR) [14, 21, 22],
which are components known to be implicated in synapse
formation and synaptic plasticity.

A key aspect in developing efficient rapid-acting therapies
with a safer pharmacological profile than ketamine is to charac-
terize the immediatemechanisms driving ketamine’s fast onset of
action. The acute antidepressant-like effect of ketamine can be
detected within 30 min to 1 h in rodents (reviewed in 8, 9), and
while several studies have reported accompanying molecular
changes within this time frame, structural synaptic plasticity in
terms of alterations in dendritic spines has mainly been investi-
gated at later time points and primarily in cortical areas.

Considering the striking dynamic nature of dendritic spines,
which can undergo changes in number and shape on a timescale
of minutes to hours in response to altered synaptic activity [23,
24], combined with recent in vitro studies showing that keta-
mine increases spine size in hippocampal cultures [25] and
increases synaptic responses in the CA1 region [26, 27] within
1 h of application, we decided to investigate whether ketamine
was able to promote fast dendritic spine remodeling. Therefore,
we investigated the impact of a single dose of S-ketamine
(15 mg/kg) on dendritic arborization, dendritic spine density
and morphology in the CA1 area of hippocampus in a genetic
rat model displaying depressive-like behavior, the Flinders
Sensitive Line (FSL) rat and its control strain, the Flinders
Resistant Line (FRL) rat, 1 h post injection. FSL rats were
originally bred to have high sensitivity to the anticholinesterase
diisopropyl fluorophosphate (DFP), and thus resemble

depressed humans with regard to cholinergic supersensitivity
[28–31]. Compared with the FSL rats, which exhibit high im-
mobility in the forced swim test (FST), the FRL rats have a
lower sensitivity to DFP, and are generally used as the corre-
sponding control line, with low immobility in the FST [32, 33].
The FSL rat model of depression fulfills the major criteria of
high face, construct, and predictive validities for research on the
pathophysiology of depression [32, 33], including the suppres-
sion of neuronal plasticity in the FSL rats [34–37] and response
to the main classes of antidepressants [32, 33, 35, 38–41]. In
parallel, to shed light on the molecular mechanisms involved in
ketamine-induced alterations in dendritic spine dynamics, we
analyzed the levels of 18 synaptic plasticity-related proteins in
crude synaptosomal preparations from the contralateral hippo-
campal subregion of the same animals.

Materials and Methods

Animals

Male FSL (n = 12) and FRL rats (n = 12) (age 11–12 weeks)
from our in-house breeding colony were pair-housed in a
temperature-controlled (20 ± 2 °C) environment under a 12-h
light/dark cycle (lights on at 06:00 a.m.) with ad libitum ac-
cess to food and water. All animal procedures were carried out
under the approval of the Danish National Committee for
Ethics in Animal Experimentation (2012-15-2934-00254).

Drug Administration

Animals received a single intraperitoneal injection of ketamine
(KET) or saline (control, CNT) between 08:30 and 09:30 a.m.
resulting in four experimental groups: FRL CNT, FRL KET,
FSL CNT, and FSL KET. Based on previous studies, the clin-
ically used formulation of S-ketamine HCl (Pfizer, New York,
USA) was used at a dose of 15 mg/kg [40, 41]. The animals
were euthanized by decapitation 1 h after injection, and the
brains were divided into left and right hemispheres. From each
rat, the hippocampus was rapidly dissected from a randomly
selected hemisphere and used for molecular studies, while the
contralateral hemisphere was processed for rapid Golgi-Cox
staining. Continued systematic sampling ensured that groups
consisted of an equal distribution of left and right hemispheres.

Morphological Analysis

All analyses were conducted blinded to the experimental con-
ditions. One hemisphere per animal was processed for impreg-
nation of individual neurons using the FD Rapid Golgi Stain
TMKit (FD Neuro Technologies, Inc., Columbia, MD) follow-
ing the manufacturer’s instructions. Hemispheres were sliced
coronally (200 μm) on a vibratome (Leica VT1200S
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Semiautomatic Vibrating Blade Microtome). Six pyramidal
neurons per animal were used for the morphological analysis
and were selected from the CA1 stratum radiatum (CA1.SR)
subregion of the hippocampus (six pyramidal neurons per ani-
mal, a total of 36 neurons per group), and imaged with a digital
camera (Olympus DP73) with the newCAST™ system
(Visiopharm, Hørsholm, Denmark) using a light microscope
(Olympus BX50, Olympus, Denmark) modified for stereology.
The identification criteria for the pyramidal neurons were based
on the characteristic triangular-shaped soma, having apical den-
drites extending toward the pial surface, basal dendrites directed
toward stratum oriens, and numerous dendritic spines. Neurons
that (1) were separated from neighboring cells without any
tangling with dendrites of nearby neurons; (2) presented intact
apical and basal dendrites; and (3) had the soma located in the
middle of the thickness of the section were sampled by the
optical disector, and stacks of images were collected with a z-
plane step size of 1 μm, using a 60 x oil lens (NA = 1.40) to
ensure that dendrites were fully visualized in 3D. In general,
there were 100–120 optical layers for each neuron.

Dendrite Reconstructions and Analysis

Captured images were uploaded into Filament Tracer algo-
rithm of the Imaris software (version 8.4.4, Bitplane A.G.,
Zurich, Switzerland) to perform semi-automatic 3D recon-
struction of the dendrites and dendritic spines [42]. All shaft
dendritic protrusions (spines) were counted. The morphology
of the pyramidal neurons was quantified in terms of the den-
dritic length and the mean spine density (spines/10 μm). The
dendritic spines were additionally classified into three well-
described morphological subtypes using the automated Imaris
spine classification analysis: stubby spines with a length less
than 1 μm, lacking a large spine head and without an apparent
neck; mushroom spines with a length less than 3 μm and
characterized by a short neck and large spine head; and
long-thin spines with mean width of head ≥ mean width of
neck and with elongated spine necks. The Sholl analysis [43]
was used to provide description of the complexity of the den-
dritic tree. The analysis was performed based on the regularly
spaced concentric circles centered on the neuronal soma. The
number of dendritic branch intersections with each progres-
sively larger circle is counted from the soma of each neuron in
intervals of 20 μm [44, 45].

Image preparation

Representative z-stacks of 8-bit images were loaded in Fiji
(Image J) and converted to an intensity projection along the
z-axis (min intensity). A square of 50 × 50 μm was cropped
representing single dendrites with spines. In all the images, the
brightness and contrast of the intensity histogram were set
between 20 and 250.

Western Blotting

Crude synaptosomes were prepared from the hippocampus as
previously described [46]. Aliquots (20 μg of total protein)
were separated on 7.5% or 10% criterion TGX Precast Midi
Protein Gels (Bio-Rad), transferred to nitrocellulose mem-
branes using the Trans-Blot Turbo system (Bio-Rad), blocked
in Odyssey Blocking Buffer (Licor), and probed with primary
antibodies overnight at 4 °C followed by incubation with the
appropriate IRDye conjugated secondary antibody (Licor) for
1 h at room temperature (see details in Suppl. Table 1).
Infrared signals were detected using the Odyssey CLx infrared
imaging system, and bands were quantified using the Image
Studio software (LI-COR Biosciences). Band intensities were
normalized to β-actin levels within the same lane unless oth-
erwise stated.

Statistics

Morphological data were analyzed using two-way analysis of
variance (ANOVA) with strain and ketamine as independent
factors. When a significant interaction between independent
factors was revealed, Tukey’s post hoc test with adjusted p-
values was applied, considering four comparisons per family
(FRL CNT vs. FRL KET; FRL CNT vs. FSL CNT; FRL KET
vs. FSLKET; FSL CNT vs. FSLKET). Themean values from
the six neurons of each animal in the morphological studies
were treated as a single measurement in the data analysis.
Sholl analysis was performed using two-way repeated mea-
sures ANOVA, with number of intersections as a within-
subject factor and the group condition as between-subject fac-
tor followed by Bonferroni’s post hoc tests with adjusted p-
values for four comparisons per family. Protein expression
levels (n = 6 animals per group) were analyzed by two-way
ANOVAwith Tukey’s post hoc test for multiple comparisons
(four comparisons per family). All statistical analyses and
graphical representations were carried out using Prism 7
(GraphPad Software Inc., USA). Data are expressed as mean
± SEM. An alpha level of 0.05 was used for all statistical tests.

Results

Ketamine Reverses Apical Dendritic Spine Deficits
in the Hippocampal CA1 Region of FSL Rats 1 h After
Administration

Two-way ANOVA of apical dendritic length revealed a sig-
nificant interaction between strain and ketamine treatment (F
(1,20) = 5.31, p = 0.032) and no effect of strain (F (1,20) = 0.47,
p = 0.498) or ketamine treatment (F (1,20) = 0.48, p = 0.495)
alone (Fig. 1a). However, Tukey’s post hoc test did not yield
any significant differences in apical dendritic length after
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ketamine treatment in either FSL (p = 0.120) or FRL (p =
0.447) rats. Two-way ANOVA of apical dendritic spine den-
sity demonstrated a significant interaction between strain and
ketamine treatment (F (1,20) = 16.82, p < 0.001) with no effect
of strain (F (1,20) = 0.02, p = 0.882) or ketamine treatment (F
(1,20) = 2.58, p = 0.124) alone (Fig. 1b,f). The post hoc analysis
revealed reduced spine density in untreated FSL rats com-
pared with untreated FRL rats (p = 0.022), which was reversed
by ketamine treatment (p = 0.002). Ketamine had no effect on
spine density in FRL rats (p = 0.212), and ketamine-treated
FSL rats showed higher spine density than ketamine-treated
FRL rats (p = 0.034).

To investigate how the differences in apical dendritic spine
density between untreated FRL and FSL rats and after ketamine
treatment were reflected across different spine subtypes, we
classified spines into the three major morphologically distinct
types: mushroom, stubby, and long-thin spines. Two-way
ANOVA of mushroom spine density revealed a significant in-
teraction between strain and ketamine treatment (F (1,20) = 9.43,
p = 0.006) and no effect of strain (F (1,20) = 0.57, p = 0.46) or
ketamine treatment (F (1,20) = 3.67, p = 0.07) alone (Fig. 1c).
Tukey’s post hoc test showed reduced density of mushroom
spines in untreated FSL rats compared with untreated FRL rats
(p = 0.040), which was reversed by ketamine treatment (p =
0.007). Ketamine treatment had no effect on mushroom spine
density in FRL rats (p = 0.564), and mushroom spine density

after ketamine treatment did not differ significantly between the
two strains (p = 0.254). A similar analysis of stubby spine den-
sity revealed a significant interaction between strain and keta-
mine treatment (F (1,20) = 7.37, p = 0.013) and no effects of
strain (F (1,20) = 0.43, p = 0.521) or ketamine treatment (F
(1,20) = 7.30 × 10−5, p = 0.99) alone (Fig. 1d). However, post
hoc analysis showed that there were no significant differences
in the density of stubby spines after ketamine treatment in either
FSL rats (p = 0.17) or FRL rats (p = 0.166). The two-way
ANOVA of long-thin spine density revealed a significant inter-
action between strain and ketamine treatment (F (1,20) = 17.27,
p < 0.001) and no effects of strain (F (1,20) = 0.07, p = 0.794) or
ketamine treatment (F (1,20) = 3.77, p = 0.067) alone (Fig. 1e).
The post hoc test revealed lower density of long-thin spines in
untreated FSL rats compared with untreated FRL rats (p =
0.037) and that ketamine treatment significantly increased
long-thin spine density in FSL rats (p = 0.001) but had no effect
in FRL rats (p = 0.28). In addition, ketamine-treated FSL rats
exhibited increased density of long-thin spines compared with
ketamine-treated FRL rats (p = 0.017).

Ketamine Increases CA1 Basal Dendritic Spine Density
Mainly via Induction of Long-Thin Spines

When directing the focus to basal dendrites, a two-way
ANOVA showed a significant effect of strain on basal

Fig. 1 Ketamine reverses apical dendritic spine deficits in the
hippocampal CA1 region of FSL rats 1 h after administration. Apical
dendritic length (a) and spine density (b) in FRL and FSL rats, injected
with vehicle or ketamine and sacrificed 1 h later. Analysis of apical
dendritic spine morphology, considering mushroom (c) stubby (d) and

long-thin spines (e). Representative images of high magnification z-stack
projections of apical dendrites (scale: 5 μm) (f). Data are presented as
mean ± SEM (n = 6 animals per group and 6 neurons sampled per ani-
mal). *p < 0.05, **p < 0.01, two-way ANOVA, Tukey’s post hoc test

Mol Neurobiol (2019) 56:7368–7379 7371



dendritic length with FSL rats presenting reduced dendritic
length compared with FRL rats (F (1,20) = 6.79, p = 0.017)
(Fig. 2a). There was no effect of ketamine treatment and no
interaction between strain and ketamine treatment. Two-way
ANOVA of basal dendritic spine density showed no signifi-
cant main effects or significant interaction between strain and
ketamine treatment (Fig. 2b,f).

Investigation of the distinct spine subtypes on the basal
dendrites showed a significant treatment effect only for the
density of long-thin spines (Fig. 2c–e), which increased in
response to ketamine treatment (F (1,20) = 4.72, p = 0.042)
(Fig. 2e). There was no effect of strain and no interaction
between strain and ketamine treatment on the density of
long-thin spines. There was no significant main effect or sig-
nificant interaction between strain and ketamine treatment for
the density of mushroom and stubby spines.

Ketamine Has No Effect on Apical and Basal Dendritic
Arborization when Assessed 1 h After Administration

Sholl analysis was performed to investigate dendritic com-
plexity in relation to the distance from the soma. However,
two-way ANOVA followed by Bonferroni’s post hoc test in-
dicated that ketamine had no significant effect at either apical
(Suppl. Fig. 1a) or basal (Suppl. Fig. 1b) dendritic arborization
1 h after administration.

Ketamine Rapidly Restores Reduced Cofilin
Phosphorylation and Reverses Altered Expression
of homer3 and the NMDA Receptor Subunits GluN2A
and GluN2B in the FSL Rats

To shed light on the possible molecular pathways that may
contribute to the rapid effects of ketamine on dendritic spine
density, we examined the levels of a wide number of synaptic
plasticity-related proteins in crude synaptosomes isolated
from the contralateral hippocampi of the same animals in
which the spine morphology analysis was performed. We fo-
cused the analysis on proteins linking synaptic activity to
spine morphology, including proteins involved in presynaptic
release (syntaxin 1A, SNAP-25, synaptotagmin I, munc-18),
signaling protein kinases (phosphorylated and active forms of
extracellular regulated kinase [phospho-Erk] and protein ki-
nase B [phospho-Akt]), cell adhesion molecules (neurexin 1
alpha and neuroligin 1), BDNF, and constituents of the post-
synaptic machinery (NMDA receptor subunits GluN2A and
GluN2B, AMPA receptor subunit GluR1 and its phosphory-
lation state, cofilin phosphorylation, spinophilin, homer1, ho-
mer3, PSD95, and stargazin). Table 1 summarizes the global
results of the two-way ANOVA and Tukey’s post hoc tests for
all targets, while Fig. 3 shows graphs of targets significantly
altered by ketamine in FSL rats. For the expression level of the
NMDA receptor subunit GluN2A, two-way ANOVA showed
a significant interaction between strain and ketamine

Fig. 2 Ketamine increases CA1 basal dendritic spine density via
induction of long-thin spines. Basal dendritic length (a) and spine density
(b) in the same experimental groups as in Fig. 1. Analysis of basal den-
dritic spine morphology, considering mushroom (c) stubby (d) and long-

thin spines (e). Representative images of high magnification z-stack pro-
jections of basal dendrites (scale: 5 μm) (f). Data are presented as mean ±
SEM (n = 6 animals per group and 6 neurons sampled per animal), two-
way ANOVA
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treatment (F (1,20) = 10.43, p = 0.004), a significant effect of
strain (F (1,20) = 7.69, p = 0.012), but no effect of treatment
alone (Fig. 3a,e and Table 1). The post hoc analysis revealed
higher expression levels of GluN2A in untreated FSL rats
comparedwith untreated FRL rats (p = 0.001), while ketamine
reduced GluN2A levels to FRL control levels (p = 0.006). The
analysis of the GluN2B subunit showed a significant interac-
tion between strain and ketamine treatment (F (1,20) = 9.51,
p = 0.006) with no effect of strain and ketamine treatment
alone (Fig. 3b,e and Table 1). Similar to GluN2A, the post
hoc analysis revealed higher levels of GluN2B in untreated
FSL rats compared with untreated FRL rats (p = 0.035), which
was reversed by ketamine treatment (p = 0.043). For homer3,
there was a significant interaction between strain and keta-
mine treatment (F (1,20) = 10.47, p = 0.004), a significant effect
of treatment (F (1,20) = 21.05, p < 0.001), but no effect of strain
alone (Fig. 3c,e and Table 1). The post hoc analysis revealed
lower levels of homer3 in untreated FSL rats compared with
untreated FRL rats (p = 0.024), which was rescued by keta-
mine treatment (p < 0.001). The analysis of the phosphoryla-
tion state of cofilin, which indirectly reflects its activity,
showed a significant interaction between strain and ketamine

treatment (F (1,20) = 5.44, p = 0.030), a significant effect of
strain (F (1,20) = 8.21, p = 0.01), but no effect of treatment
alone (Fig. 3d,e and Table 1). The post hoc analysis revealed
increased phosphorylation of cofilin in untreated FSL rats
compared with untreated FRL rats (p = 0.005), which was
normalized to FRL levels by ketamine treatment (p = 0.023).

DISCUSSION

The present findings demonstrate that a single injection of
ketamine rescues morphological deficits of pyramidal neurons
in the hippocampal CA1 area of FSL rats as early as 1 h after
administration, which coincides with the onset of
antidepressant-like effects in the same model [39–41].
Ketamine-induced spinogenesis in the apical dendritic tree
was selective for FSL rats and was related to increases in
mushroom and long-thin spines. Generally, there were no sig-
nificant effects of ketamine on dendritic length and branching
complexity consistent with the short time interval. The
ketamine-induced increase in dendritic spine density in FSL
rats was associated with a reduction of synaptic levels of

Table 1 Protein levels in crude synaptosomes isolated from the
hippocampus of FRL and FSL rats after 1 h of a single injection with
vehicle (CNT) or ketamine (KET). Values are mean ± SEM, expressed as
percentages of FRL CNT (n = 6 animals per group). Two-way ANOVA,

Tukey’s post hoc test (ap < 0.05 vs. FRL CNT; bp < 0.05 vs. FSL CNT;
cp < 0.05 vs. FRL KET; dp < 0.01 vs. FRL CNT; ep < 0.01 vs. FSL CNT;
fp < 0.001 vs. FSL CNT). 1S×D = interaction between strain and
treatment

Variable FRL FSL p value

CNT KET CNT KET Strain Treatment SxD1

Syntaxin 1A 100 ± 6.15 103 ± 6.71 108 ± 6.1 108 ± 11.69 0.420 0.851 0.794

SNAP-25 100 ± 8.95 101 ± 2.08 100 ± 4.44 109 ± 2.73 0.465 0.301 0.486

Synaptotagmin I 100 ± 4.53 88.8 ± 1.95 94.7 ± 4.81 105 ± 5.68c 0.225 0.944 0.024

Munc-18 100 ± 3.04 93.6 ± 4.06 102 ± 2.45 92.7 ± 4.21 0.794 0.030 0.608

p-Erk1(Thr202/Tyr204)/Erk 100 ± 2.23 105 ± 5.08 103 ± 2.14 102 ± 3.01 0.790 0.552 0.368

p-Akt(Ser473)/Akt 100 ± 5.53 93.6 ± 5.23 104 ± 4.89 99.2 ± 4.19 0.312 0.247 0.920

Neurexin 1 alpha 100 ± 4.59 90.8 ± 7.58 79.8 ± 4.8 74.26 ± 5.07 0.004 0.207 0.751

Neuroligin 1 100 ± 4.3 91.3 ± 2.63 97.4 ± 5.21 100 ± 5.66 0.519 0.514 0.237

BDNF 100 ± 3.2 101 ± 8.12 123 ± 6.76 116 ± 7.23 0.009 0.659 0.561

GluN2A 100 ± 2.84 107 ± 4.28 131 ± 4.41d 104 ± 7.93e 0.012 0.076 0.004

GluN2B 100 ± 2.1 121 ± 11.25 135 ± 5.84a 101 ± 11.66b 0.415 0.499 0.006

GluR1 100 ± 2.37 91 ± 3.41 98.8 ± 2.13 97 ± 2.65 0.393 0.058 0.200

p-GluR1(Ser831)/GluR1 100 ± 5.18 102 ± 3.77 104 ± 2.33 104 ± 3.16 0.421 0.612 0.794

p-GluR1(Ser845)/GluR1 100 ± 7.86 116 ± 3.89 110 ± 6.28 112 ± 4.32 0.604 0.112 0.237

p-cofilin(Ser3)/cofilin 100 ± 5.30 103 ± 6.18 127 ± 4.58d 105 ± 4.79b 0.010 0.077 0.030

Cofilin 100 ± 6.94 96.3 ± 4.34 95.7 ± 3.96 102 ± 3.86 0.897 0.799 0.3263

Spinophilin 100 ± 2.1 107 ± 6.78 103 ± 2.62 93.2 ± 2.94 0.224 0.683 0.045

Homer1 100 ± 0.86 99.6 ± 1.9 95.2 ± 1.7 93.8 ± 1.21c 0.002 0.531 0.741

Homer3 100 ± 4.79 104 ± 2.24 85.3 ± 4.32a 112 ± 1.65f 0.357 < 0.001 0.004

PSD95 100 ± 4.04 97.8 ± 2.61 94.2 ± 6.2 91 ± 5.68 0.210 0.584 0.927

Stargazin 100 ± 6.65 96 ± 8.08 85 ± 6.76 90.9 ± 2.08 0.127 0.885 0.444
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NMDA receptor subunits GluN2A and GluN2B and cofilin
phosphorylation (which were upregulated in untreated FSL
rats), together with increased homer3 protein expression
levels (where basal levels were found to be lower in FSL rats
compared with FRL rats).

A Link Between Fast Spine Remodeling
and Ketamine’s Antidepressant Effect in FSL Rats

Postmortem studies suggest that depression is closely associ-
ated with synaptic atrophy, resulting in disconnection of crit-
ical cortical-limbic circuits [47–49]. Similar features are reca-
pitulated in rodents subjected to chronic stress paradigms,
where depression-like behavior is generally accompanied by
dendritic atrophy and spine loss in neurons of the hippocam-
pus and prefrontal cortex (reviewed in 50, 51). Accordingly,
we have previously shown that FSL rats have volumetric re-
ductions and a lower number of spine synapses in the CA1
region of the hippocampus compared with FRL rats [34–37].

In the present study, we provide additional evidence of
synaptic alterations in FSL rats by demonstrating a decrease
in dendritic spine density in the CA1 area. Here, we also found
that ketamine is able to completely rescue spine deficiency in
FSL rats in just 1 h.

We have previously shown that a single injection of S-ke-
tamine (15 mg/kg), the same treatment used here, reduces
immobility of FSL rats in the FST 1 h post injection
[39–41]. This is in line with previous reports [18, 52–55],
demonstrating that ketamine induces an antidepressant-like
response within 1 h after administration in rats.

For the first time, the present results show that spine
remodeling occurs at the same time as the onset of
ketamine’s antidepressant-like effect, suggesting that den-
dritic spine dynamics may contribute to fast antidepres-
sant action. A previous in vitro study showed that appli-
cation of 2.0 μm ketamine to cultured hippocampal neu-
rons for 1 h induced an increase in dendritic spine size,
but contrary to our findings, there were no changes in
spine density at this time point [25]. The authors also
reported similar effects after treatment of hippocampal
neurons with vortioxetine despite in vivo reports of in-
creased spine density in response to this drug. This dis-
crepancy could be ascribed to the difficulty in extrapolat-
ing in vivo drug concentrations to comparable in vitro
doses but could also suggest that the integration of signals
necessary to promote spine formation in response to keta-
mine (and possibly other drugs) is dependent on a more
complex three-dimensional environment, not present in
cultured neurons. In contrast to our study, previous

Fig. 3 Ketamine rescues aberrant levels of synaptic proteins in FSL rats
after 1 h of administration. Bar graphs representing the β-actin normal-
ized density of GluN2A (a), GluN2B (b), homer3 (c), and phospho-
cofilin (p-cofilin) normalized to total cofilin (d) in preparations of crude

synaptosomal fractions isolated from the hippocampus. e Representative
Western blots of the individual proteins. Values are means ± SEM (n = 6
per group), expressed as percentages of FRL CNT. *p < 0.05, **p < 0.01,
***p < 0.001, two-way ANOVA, Tukey’s post hoc test
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in vivo studies have mainly investigated structural remod-
eling in response to acute ketamine over a time scale of
several hours to days. When analyzed after 24 h, ketamine
(10 mg/kg) was shown to increase cortical spine density
in naive animals [21, 56–58] and reverse deficits in spine
density induced by chronic unpredictable stress in the
prefrontal cortex [59] and hippocampus [60]. Longer last-
ing or delayed effects were demonstrated after 8 days in
the social defeat stress model, in which ketamine
(10 mg/kg) reversed the reduction in spine density in cor-
tical and hippocampal regions [61, 62].

In addition, we have previously shown that acute keta-
mine (15 mg/kg [S-KET]) administration induces a rapid
(after 1 day) and long lasting (up to 7 days) increase in
the number of excitatory synapses in FSL rats [34, 35].
Moreover, a recent study by Sarkar and Kabbaj demon-
strated that even a relatively low dose of ketamine
(5 mg/kg) was able to rescue isolation stress evoked def-
icits in prefrontal cortex spine density at 3 h post-injection
[63]. In the same study, the increase of spine density after
ketamine treatment was significant only in stressed rats
and not in the control pair-housed rats, as also found in
the present study, in which ketamine increased spine den-
sity only in FSL rats and not in the FRL control rats. This
could explain why a recent study investigating the effect
of ketamine in naive rats did not reveal any changes in
spine density in hippocampus and prefrontal cortex 3 h
after treatment [64]. Similarly, ketamine had no immedi-
ate effects on spine growth when analyzed by two-photon
imaging in naive mice [65].

Therefore, we speculate that ketamine may exert its
rapid actions on spine dynamics only in a context of im-
paired structural plasticity, possibly by tilting the balance
between spine formation and elimination, with a net gain
in the number of dendritic spines. In this context, it is
however interesting to notice that cannabidiol, which in-
duces a rapid and sustained antidepressant-like effect in
rodents similar to ketamine, has been shown to increase
spine density in the prefrontal cortex of naive mice al-
ready after 30 min [66].

Dendritic spines are highly dynamic structures, which can
undergo morphological changes and de novo formation/
pruning over periods of hours and even minutes in response
to synaptic stimuli [23, 24, 67, 68]. Although the temporal
relationship between the development of new spines and the
formation of functional synapses remains poorly defined, ev-
idence is accumulating supporting that new spines are rapidly
incorporated into functional synapses [23, 68–70]. It would be
interesting to assess if the rapid increase in the number of
spines we found is associated with the generation of new
functional synapses.

The classification of spines as having mushroom, stubby,
or long-thin morphologies, allowed us to reveal significant

increases in mushroom and long-thin spine subtypes in FSL
rats after ketamine treatment, thus reflecting changes in both
mature and immature spines. This was, however, specific for
the apical dendritic tree. Apical and basal dendrites of CA1
pyramidal cells are functionally and spatially separated com-
partments that receive information from distinct sources and
differ significantly in the mechanisms regulating synaptic
plasticity [71]. Consequently, our findings could suggest that
ketamine primarily targets inputs controlling synaptic plastic-
ity in apical dendrites.

Synaptic Molecular Alterations Associated with Fast
Ketamine-Induced Spine Remodeling in FSL Rats

Increased translation and release of the neurotrophic fac-
tor BDNF in the hippocampus was demonstrated to play a
key role for the rapid antidepressant action of ketamine
[14, 17, 18, 72]. However, in the present study, ketamine
had no effect on synaptosomal BDNF levels 1 h after
administration. This apparent discrepancy between our
study and previous reports may be ascribed to tissue pro-
cessing. We studied crude synaptosomal fractions as op-
posed to total homogenate, which was used in the studies
reporting increased BDNF levels in response to ketamine.
BDNF levels measured in synaptosomes mainly represent
BDNF localized to the presynaptic compartment. In con-
trast, total homogenate may capture increased translation
and secretion of BDNF from other compartments of the
synapse including postsynaptic dendrites, astrocytes, and
microglia. In this context, it is interesting to note that
ketamine has been speculated to selectively enhance a
postsynaptic pool of BDNF [73], in which case it will
not be revealed in synaptosomal preparations. In addition,
the use of S-ketamine versus racemic ketamine and the
doses applied may influence BDNF levels differently.

Regarding NMDA receptor subunits, we previously
reported decreased GluN2A and increased GluN2B
levels in postsynaptic membrane-enriched hippocampal
fractions of FSL rat [74]. In the present study, we found
increased levels of both subunits in crude synaptosomes
(a fraction enriched in pre-synaptic terminals), consistent
with altered glutamatergic transmission in the FSL rat
strain [75–77]. We found that ketamine restored the el-
evated levels of GluN2A and GluN2B in synaptosomes
of FSL rats 1 h after administration, suggesting normal-
ization of aberrant NMDA receptor function in FSL
rats. Given the short time frame (1 h after treatment),
we speculate that this decrease in synaptosomal levels
of NMDA receptor subunits reflects rapid cellular redis-
tribution of NMDA receptors to extrasynaptic sites (or
locations not captured in the synaptosomal preparation)
rather than changes in protein translation.
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Homer3 is a scaffold protein involved in the binding of
signaling molecules at the postsynaptic densities. Our bio-
chemical studies revealed that ketamine restored reduced
levels of homer3 in FSL rats. Interestingly, synaptic clustering
of homer proteins has previously been shown to be enhanced
by blockade of NMDA receptors [78]. This effect of ketamine
could be in line with increased synaptic strength. Finally, we
showed that ketamine normalized elevated Ser-3 phosphory-
lation levels of the actin-binding protein cofilin in FSL rats.
Phospho-regulation of cofilin is a key effector linking extra-
cellular stimuli to actin dynamics in dendritic spines, which
directly regulate spine morphology and drives formation and
elimination of spines [79]. Because the activity of cofilin is
negatively regulated by phosphorylation, ketamine appears to
restore cofilin’s actin-severing activity, which could be an im-
portant mediator in the induction of new spines observed after
ketamine treatment.

Collectively, our findings indicate that hippocampal struc-
tural remodeling in terms of rapid de novo spine growth may
provide an important substrate during the initial phase of
ketamine’s antidepressant action and thus supports the
synaptogenic hypothesis of treatment response [80]. In addi-
tion, we identify a possible link between the rapid actions of
ketamine and downregulation of NMDA receptor subunits,
increased homer3 levels and normalization of cofilin activity.
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