
Sustained rescue of prefrontal circuit dysfunction by 
antidepressant-induced spine formation

R. N. Moda-Sava1,*, M. H. Murdock1,*, P. K. Parekh1,*, R. N. Fetcho1, B. S. Huang1, T. N. 
Huynh1, J. Witztum1, D. C. Shaver1, D. L. Rosenthal1, E. J. Alway1, K. Lopez1, Y. Meng1, L. 
Nellissen1, L. Grosenick1,2, T. A. Milner1, K. Deisseroth2, H. Bito3, H. Kasai4,5, C. Liston1,†

1Brain and Mind Research Institute, Department of Psychiatry, and Sackler Institute for 
Developmental Psychobiology, Weill Cornell Medicine, New York, NY 10021, USA.

2Departments of Bioengineering and of Psychiatry and Behavioral Sciences, Stanford University, 
Stanford, CA 94305, USA.

3Department of Neurochemistry, Graduate School of Medicine, The University of Tokyo, 7-3-1 
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.

4Laboratory of Structural Physiology, Center for Disease Biology and Integrative Medicine, Faculty 
of Medicine, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan.

5International Research Center for Neurointelligence (WPI-IRCN), UTIAS, The University of 
Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan.

Abstract

INTRODUCTION: Depression is an episodic form of mental illness, yet the circuit-level 

mechanisms driving the induction, remission, and recurrence of depressive episodes over time are 

not well understood. Keta-mine relieves depressive symptoms rapidly, providing an opportunity to 

study the neuro-biological substrates of transitions from depression to remission and to test 

whether mechanisms that induce antidepressant effects acutely are distinct from those that sustain 

them.

RATIONALE: Contrasting changes in dendritic spine density in prefrontal cortical pyramidal 

cells have been associated with the emergence of depression-related behaviors in chronic stress 
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models and with ketamine’s antidepressant effects. But whether and how dendritic spine 

remodeling is causally involved, or whether it is merely correlated with these effects, is unclear. To 

answer these questions, we used two-photon imaging to study how chronic stress and keta-mine 

affect dendritic spine remodeling and neuronal activity dynamics in the living prefrontal cortex 

(PFC), as well as a recently developed optogenetic tool to manipulate the survival of newly formed 

spines after ketamine treatment.

RESULTS: The induction of depression-related behavior in multiple chronic stress models was 

associated with targeted, branch-specific elimination of postsynaptic dendritic spines and a loss of 

correlated multicellular ensemble activity in PFC projection neurons. Antidepressant-dose keta-

mine reversed these effects by selectively rescuing eliminated spines and restoring coordinated 

activity in multicellular ensembles that predicted motivated escape behavior. Unexpectedly, 

ketamine’s effects on behavior and ensemble activity preceded its effects on spine formation, 

indicating that spine formation was not required for inducing these effects acutely. However, 

individual differences in the restoration of lost spines were correlated with behavior 2 to 7 days 

after treatment, suggesting that spinogenesis may be important for the long-term maintenance of 

these effects. To test this, we used a photoactivatable probe to selectively reverse the effects of 

ketamine on spine formation in the PFC and found that the newly formed spines play a necessary 

and specific role in sustaining ketamine’s antidepressant effects on motivated escape behavior. By 

contrast, optically deleting a random subset of spines unrelated to ketamine treatment had no effect 

on behavior.

CONCLUSION: Prefrontal cortical spine formation sustains the remission of specific depression-

related behaviors after ketamine treatment by restoring lost spines and rescuing coordinated 

ensemble activity in PFC microcircuits. Pharmacological and neurostimulatory interventions for 

enhancing and preserving the rescue of lost synapses may therefore be useful for promoting 

sustained remission. ■

Abstract

The neurobiological mechanisms underlying the induction and remission of depressive episodes 

over time are not well understood. Through repeated longitudinal imaging of medial prefrontal 

microcircuits in the living brain, we found that prefrontal spinogenesis plays a critical role in 

sustaining specific antidepressant behavioral effects and maintaining long-term behavioral 

remission. Depression-related behavior was associated with targeted, branch-specific elimination 

of postsynaptic dendritic spines on prefrontal projection neurons. Antidepressant-dose ketamine 

reversed these effects by selectively rescuing eliminated spines and restoring coordinated activity 

in multicellular ensembles that predict motivated escape behavior. Prefrontal spinogenesis was 

required for the long-term maintenance of antidepressant effects on motivated escape behavior but 

not for their initial induction.

Graphical Abstract

Moda-Sava et al. Page 2

Science. Author manuscript; available in PMC 2020 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prefrontal spinogenesis is required for sustaining—but not inducing—ketamine’s effects on 
behavior and circuit function. (A) Complementary effects of stress and ketamine on spine 

remodeling, circuit function, and behavior. (B) The time course of changes indicates that spine 

formation is not required for inducing these effects initially. * indicates significantly different post 

hoc contrast, Holm-Bonferroni corrected (P < 0.002, P < 0.0006, and P < 0.05 for spine formation, 

immobility, and ensemble event frequency, respectively). NS, not significant. Error bars indicate 

SEM. (C) Optogenetic deletion of newly formed spines interferes with the long-termmaintenance 

of these effects. Rx, treatment.

Depression is an episodic form of mental illness featuring discrete symptomatic periods 

interposed between periods of apparent wellness. The circuit-level mechanisms driving the 

induction, remission, and recurrence of depressive episodes over time are not well 

understood. Ketamine, a rapidly acting antidepressant, relieves depressive symptoms within 

hours (1–3), providing an experimentally tractable opportunity to study the mechanisms that 

underlie transitions from depression to remission and recurrence.

Sustaining remission after ketamine treatment is a particular challenge. Antidepressant 

effects of a single dose of ketamine eventually dissipate, and the long-term safety and 

efficacy of repeated dosing are not well understood. Whether the antidepressant effects that 

emerge hours after ketamine treatment are driven by mechanisms distinct from those that 

sustain the effects in the days after treatment is also unclear. Increasing evidence suggests 

that signaling pathways (4–6) may converge to increase spine density in prefrontal cortical 

pyramidal cells (4, 7, 8), potentially accelerating remission by directly and selectively 
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reversing prefrontal cortical synapse loss, a putative neurobiological substrate of depression 

that occurs in multiple chronic stress models of depression-related behavior (9–12). 

Alternatively, ketamine may indirectly compensate for synapse loss by inducing synapse 

formation nonspecifically.

Until recently, it has been difficult to investigate how spine remodeling contributes to 

transitions between depression-like behavioral states, because of technical obstacles in 

quantifying synaptic remodeling longitudinally in the living prefrontal cortex (PFC). Using 

recently developed technologies for obtaining high-resolution optical access to deep brain 

structures in vivo (13–16), quantifying neocortical activity dynamics in awake, behaving 

animals (17–19), and optically manipulating the survival of newly formed synapses (20), we 

tested the hypothesis that keta-mine accelerates the remission of a depression-like behavioral 

state by restoring lost spines in the PFC.

Results

Targeted, branch-specific spine remodeling underlies behavioral state transitions

We began by testing whether the induction of depression-related behavior in chronic stress 

models is associated with targeted effects on specific dendritic spine populations. To this 

end, we imaged the PFC through a prism (13,16) chronically implanted in the contralateral 

hemisphere (Fig. 1A). Using two-photon (2P) laser-scanning microscopy, we obtained high-

resolution images of the apical dendrites of yellow fluorescent protein (YFP)-expressing 

projection neurons in the medial PFC (mPFC) [in Thy1/YFP-H mice (Jackson Labs)] before 

and after 21 days of exposure to corticosterone (CORT) (0.10 mg/ml in the drinking water) 

(21), the principal murine stress hormone (Fig. 1A). CORT is a critical mediator of chronic 

stress effects on behavior, and chronic CORT treatment recapitulates important aspects of 

the neuroendocrine response to chronic stress (21–26). The prism implantation procedure 

elicits a reactive gliosis limited to a volume of up to 50 μm from the face of the prism, 

whereas at distances of >50 μm, there is no evidence of gliosis or effects on spine 

remodeling (13,16). Therefore, we limited our analysis to distances of >50 μm from the 

prism face.

Chronic CORT recapitulated established depression- and anxiety-related behaviors (27–31), 

including increased immobility on the tail suspension test (TST), decreased sucrose 

preference, and decreased open-arm exploration in an elevated plus maze (fig. S1). Chronic 

CORT also increased spine elimination rates (Fig. 1B) and decreased spine formation rates 

(Fig. 1C). To assess the time course and stability of these changes, we quantified spine 

remodeling in mice imaged after both 10 and 21 days of CORT exposure (fig. S2). Similar 

effects were observed at the 10-day time point, and the vast majority (88.8%) of spines that 

were eliminated after 10 days did not recur spontaneously at the 21-day time point. To test 

whether these effects generalized to other forms of chronic stress, we repeated these 

experiments in mice exposed to 21 days of repeated restraint stress, a commonly used 

psychosocial stress paradigm, and found comparable effects on both behavior (fig. S3, A to 

D) and spine remodeling (fig. S3, E and F).
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Stress-induced dendritic atrophy is limited to specific prefrontal projections (32), and 

functionally homogeneous synaptic inputs cluster on individual branch segments of the 

apical dendritic arbor in cortical pyramidal cells (33–40). We therefore examined the spatial 

distribution of stress-related spine elimination in order to assess whether spine loss occurred 

randomly throughout the apical dendritic tree or targeted specific dendritic branch segments. 

Eliminated spines were not randomly distributed. Whereas most dendritic branches 

exhibited spine elimination rates comparable to those observed in controls, spine elimination 

rates were two to four times as high (~35 to 40%) in a subset of branches, yielding a 

bimodal distribution across dendritic branch segments (Fig. 1D). Furthermore, within 

individual branches, spine loss was strongly spatially clustered to a significantly greater 

degree than would be expected by chance, given the observed rates of spine loss (Fig. 1E). 

Similar, spatially clustered effects were also observed after repeated restraint stress (fig. 

S3G), indicating that the emergence of depression-related behavior in multiple models is 

associated with spatially clustered, branch-specific spine loss.

Next, we tested whether the remission of depression-related behavior after ketamine 

treatment was associated with a targeted reversal of stress-induced spine loss. We used 2P 

imaging to visualize dendritic spine remodeling before and after chronic CORT exposure 

and again 24 hours after a single subanesthetic, anti-depressant dose of ketamine [10 mg per 

kilogram of body weight, intraperitoneally (ip)] (Fig. 1A). Ketamine had rapid effects on 

depression-related behavior, reversing CORT effects on immobility in the TST, open-arm 

exploration in an elevated plus maze, and sucrose preference, relative to those in vehicle-

treated controls (fig. S4) (4–6). Ketamine also increased spine formation rates to 16.8% over 

24 hours but did not significantly alter spine elimination rates (Fig. 1, B and C). Newly 

formed spines were also clustered and branch specific. Ketamine effects on spine formation 

were bi-modally distributed across individual dendritic branches and driven by a subset of 

branches (51.5%) for which spine formation rates were 5 to 10 times as high as the mean 

formation rate in vehicle-treated controls (Fig. 1F). Likewise, ketamine’s effects on spine 

formation were spatially clustered relative to controls and to a significantly greater degree 

than would be expected by chance given the observed rates of spine formation (Fig. 1G and 

fig. S3, H to J).

Antidepressant-dose ketamine selectively restores lost spines

Rather than compensating for stress-related synapse loss by increasing spine formation 

indiscriminately, ketamine may instead restore precisely the same synaptic connections lost 

during chronic CORT exposure. To test this, we began by assessing whether spines formed 

after ketamine treatment appeared in the same dendritic location as spines lost during 

chronic CORT exposure (Fig. 2A). Of the newly formed spines, 47.7% were located <2 μm 

from a spine lost during chronic CORT exposure, a proportion significantly greater than the 

14.5% observed in vehicle-treated controls (Fig. 2B), as well as the 17.0% expected by 

chance if new spines were randomly distributed (Fig. 2C), given the observed rates of 

CORT-induced spine elimination and ketamine-induced spine formation. These selective 

reversal effects were not observed in vehicle-treated controls (Fig. 2B) or in CORT-treated 

mice imaged repeatedly after 10 and 21 days of exposure (fig. S2), indicating that the 

observed rescue of eliminated spines was not attributable to technical obstacles in resolving 
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spines at a single time point. At the same time, whereas spinogenesis after ketamine 

treatment fully reversed the effects of CORT on spine density (Fig. 2D), many of these 

newly formed spines appeared in new positions where a spine did not previously exist (Fig. 

2A, de novo formed spines). This meant that a majority (mean = 51.7%) of spines lost 

during chronic CORT exposure were not restored by ketamine treatment (Fig. 2E). Thus, 

these longitudinal imaging experiments reveal that ketamine only partially restores the 

baseline configuration of spines on PFC projection neurons and that substantial CORT-

induced spine loss persists after treatment, despite the normalization of depression-related 

behaviors tested at the same time point (fig. S4).

Two additional experiments revealed that ketamine not only restored lost spines but also 

generated functional synapses. First, motivated by prior work showing that essentially all 

new spines that persist for at least 4 days contain functional synapses (41, 42), we imaged 

the same dendritic segments 4 days later (fig. S5A). Ketamine increased the formation of 

these long-lasting spines (fig. S5B), which are highly likely to contain functional synapses. 

Furthermore, restored spines (those that formed <2 μm from a previously lost spine) were 

significantly more likely to persist than de novo formed spines (fig. S5C). On the basis of 

these data, we estimate that ketamine restored 20.4 to 31.0% of lost synapses in their 

original positions after 4 days, versus the restoration of 0 to 2.4% in vehicle-treated controls 

(fig. S5D). Second, we tested for corresponding changes in spine density in fixed tissue and 

synapse density as quantified by immunofluorescence labeling of the postsynaptic density 

protein PSD-95. Chronic CORT treatment decreased both PSD-95 density and dendritic 

spine density throughout the PFC, including the anterior cingulate, prelimbic, and 

infralimbic subregions, whereas ketamine had the opposite effect (Fig. 2, F and G and fig. 

S6).

Ketamine rescues PFC microcircuit dysfunction

How CORT- and ketamine-induced spine re-modeling relates to prefrontal microcircuit 

function is not well understood. We hypothesized that the CORT-induced elimination of 

excitatory synapses within dendritic spines would be associated with a loss of functional 

coupling between PFC neurons. We therefore used 2P calcium imaging to characterize 

functional connectivity in PFC microcircuits before and after 10 days of chronic CORT 

exposure and again 24 hours after ketamine treatment (Fig. 3, A to C). Using vascular 

landmarks, the contours of the prism, and measurements of depth from the cortical surface, 

we were able to record activity repeatedly from the same PFC cell populations, which were 

stably expressing a genetically encoded calcium sensor (GCaMP6s) (17) over this 11-day 

period. We selected this interval to avoid the potentially toxic accumulation of GCaMP that 

can occur after prolonged, virally driven expression and on the basis of spine imaging 

experiments showing comparable effects at 10 and 21 days (fig. S2). We tested for CORT- 

and ketamine-induced changes in functional connectivity between PFC neurons, as indexed 

by correlation matrices quantifying correlated activity across all cells in a field of view (Fig. 

3D). Chronic CORT significantly reduced functional connectivity within PFC microcircuits 

(Fig. 3, D and E). At baseline, most activity in a given field of view occurred at discrete time 

points involving many simultaneously active cells (Fig. 3, B and C), reminiscent of the 

multicellular ensemble activity that has been implicated in pattern formation and stimulus 
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encoding and is disrupted in animal models of neuropsychiatric disease (43–45). After 

chronic CORT exposure, the frequency of these multicellular ensemble events (see 

supplementary materials) was significantly reduced (Fig. 3F), and they tended to involve 

significantly fewer cells (Fig. 3G). Ketamine rescued both effects 24 hours after treatment 

(Fig. 3, E to G). By contrast, the correlated activity and multicellular ensemble events were 

stable over time in untreated controls (fig. S7).

To better understand how ketamine’s effects on spine formation and microcircuit activity 

relate to its antidepressant behavioral effects, we used fiber photometry (18,19) to record the 

activity of GCaMP6s-expressing neurons in the ventromedial PFC (vmPFC) during tail 

suspension (Fig. 4A and fig. S8). The vmPFC has been implicated in driving motivated 

escape behavior during similar behavioral challenge assays (46) in which mice alternate 

between periods of passive immobility and active struggling to escape. Prolonged 

immobility is a consistent finding in chronic stress models (47), and anti-depressants tend to 

reverse this behavior (48,49). PFC activity was significantly elevated during periods of 

struggling (fig. S9), an effect that was likely driven in part by differences in locomotor 

activity (46). However, we also found that increased PFC activity preceded the onset of 

struggling, predicting the shift from immobility to struggling behavior within ~1 s on 

average (Fig. 4B). This effect was not due to systematic delays in recording the onset of 

struggling (fig. S10). PFC activity during bouts of immobility tended to occur at the end of a 

bout (<1 s before struggling) and predicted a significantly shorter latency to the onset of 

struggling than randomly shuffled data (Fig. 4C). Larger calcium transients predicted 

progressively shorter latencies to struggling, such that the largest PFC activity events 

predicted a shift from immobility to struggling within <1 s >80% of the time (Fig. 4D).

Chronic CORT exposure significantly reduced the frequency of calcium transients during the 

TST (Fig. 4F). Calcium transients also accumulated more slowly over time during bouts of 

immobility and were associated with longer immobility periods and increased immobility 

overall (Fig. 4, E and G). Ketamine reversed these deficits.

Prefrontal spinogenesis sustains the remission of depression-related behavior over time

Lastly, we investigated whether PFC spino-genesis is required for—or merely correlated 

with—changes in behavior and circuit function after antidepressant treatment. We began by 

characterizing the time course of these changes in the hours and days after ketamine 

treatment. As in (5), we observed rapid effects on motivated avoidance behavior in the TST, 

beginning just 3 hours after ketamine treatment (10 mg/kg ip), peaking 24 hours 

postinjection, and persisting for up to a week (Fig. 5, A and B). However, ketamine effects 

on spine formation were slower: Formation rates were not significantly altered at 3 to 6 

hours posttreatment but were markedly elevated at 12 to 24 hours (Fig. 5C). Increased spine 

formation in Thy1/YFP-expressing projection neurons is thus not required for the induction 

of ketamine’s acute effects on immobility behavior 3 to 6 hours after treatment. In 

accordance with this interpretation, we found no association between spine formation and 

immobility in the first day after treatment (fig. S11). By contrast, individual differences in 

the restoration of spines lost during chronic CORT exposure were correlated with 

immobility behavior 2 to 7 days after treatment (Fig. 5D).
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To investigate the temporal relationship between spinogenesis and ketamine’s effects on 

PFC microcircuit dynamics, we repeated the 2P calcium imaging experiment in Fig. 3, 

imaging before and after chronic CORT exposure and 3,12, and 24 hours after ketamine 

treatment (Fig. 5E). As in Fig. 3, chronic CORT interfered with correlated activity, reduced 

the frequency of multicellular ensemble events, and decreased the proportion of cells 

participating in these events (Fig. 5, F to K). Ketamine reversed all three effects within 3 

hours of treatment (Fig. 5, I to K, and fig. S12), ~9 hours before effects on spine formation 

were detectable in Fig. 5C. This suggests that ketamine-induced spine remodeling may be an 

activity-dependent consequence, rather than a cause of changes in circuit function. In 

conjunction with the data in Fig. 5D, these results indicate that prefrontal spino-genesis is 

not required for inducing ketamine’s effects on circuit function and behavior, but it may be 

important for sustaining these effects over time.

To test this hypothesis, we used a photo-activatable probe—activated synapse-targeting 

photoactivatable Rac1 (AS-PaRac1)—to optically manipulate the survival of newly formed 

spines (20). This construct is selectively expressed in newly formed and recently potentiated 

synapses, and upon prolonged photoactivation by blue light, it causes spine shrinkage and 

collapse (20). To validate this tool for manipulating the survival of spines formed after 

ketamine treatment, we injected a viral vector driving AS-PaRac1 expression (AAV1-SARE-

Arc-PSDdelta1.2-mVenus-PARac1) into the mPFC and implanted a microprism for 

visualizing changes in AS-PaRac1 expression over time. As in (20), AS-PaRac1 expression 

was sparse and punctate in the mPFC (fig. S13, A to C) and increased significantly 1 day 

after ketamine treatment [mean increase in AS-PaRac1-positive (AS-PaRac1+) puncta = 

92.3%] (fig. S13, D and E). Furthermore, keta-mine induced a spatially clustered pattern of 

AS-PaRac1 expression (fig. S13, F to H) that resembled its spatially clustered effects on 

spine formation, with 41.4% of AS-PaRac1+ puncta occurring in spatially clustered pairs or 

triplets, versus <5% in simulated data in which an equal number of puncta were randomly 

distributed throughout an equivalent imaging volume (fig. S13, I and J) (see Materials and 

methods for details).

To test whether prefrontal spinogenesis is required for maintaining ketamine’s effects on 

PFC circuit function and behavior, we injected viral vectors driving AS-PaRac1 and 

GCaMP6s expression bilaterally in the mPFC, implanted dual-core optical fibers, and 

treated the mice with CORT for 10 days, followed by ketamine on day 11, photoactivation 

(20-mW, 150-ms pulses at 1 Hz for 1 hour) 1 day after ketamine treatment, and behavioral 

testing 2 days after ketamine treatment (Fig. 6A). To validate this strategy for deleting newly 

formed spines, a separate cohort of Thy1/YFP-H transgenic mice was injected with AS-

PaRac1 but not GCaMP6s.

Photoactivating AS-PaRac1 increased spine elimination and blocked the effects of ketamine 

on spine formation (Fig. 6B) relative to spine elimination and spine formation in controls 

exposed to the same ketamine and photoactivation paradigm but not expressing AS-PaRac1. 

Behavioral testing 2 days after ketamine treatment showed that deleting newly formed spines 

by photoactivating AS-PaRac1 blocked the long-term effects of ketamine on PFC activity 

events (calcium transients) and on motivated avoidance behavior in the TST (Fig. 6, C and 

D), a behavior that is linked specifically to PFC function (Fig. 4) (46). This effect on 
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behavior was selective: Ketamine’s long-term effect on sucrose preference was preserved 

(Fig. 6E), indicating that spine remodeling in other brain regions or spine-independent 

processes may be involved in sustaining ketamine’s effects on other depression-related 

behaviors. To evaluate the effect of eliminating a random subset of spines unrelated to 

ketamine treatment, we also tested mice after activating AS-PaRac1 3 hours after ketamine 

treatment—before the onset of ketamine-induced spine formation. This manipulation had no 

effect on immobility behavior at 2 days after treatment (Fig. 6F).

Discussion

A growing body of work has begun to elucidate the molecular mechanisms underlying stress 

and antidepressant effects on depression-related behavior, including neurotrophic factors, 

inflammatory signals, and regulators of neuronal excitability (4,5,50–59). By contrast, the 

circuit-level mechanisms mediating transitions between depression-related behavioral states 

over time are not well understood. Our findings delineate one such mechanism. The 

emergence of depression-related behavior in multiple chronic stress models was associated 

with spatially clustered spine loss and a loss of functional connectivity within PFC 

microcircuits, driven in part by the disruption of coordinated activity in multicellular 

ensembles, which play an important role in multiple computational processes (43–45). 

Ketamine facilitated the transition to recovery by rescuing these effects in both stress 

models. Varying stress mediators (60–66) and circuit-level mechanisms (51, 67–76) may 

contribute to model-specific stress effects on behavior and circuit function. Synaptic 

remodeling in PFC projection neurons may also influence depression-related behavior 

indirectly, through effects on social hierarchical interactions, which are modulated by 

synaptic efficacy and thala-mocortical inputs to the PFC (77–79). Distinct processes may 

also be involved in sustaining the long-term effects of conventional antidepressants. These 

caveats notwithstanding, our convergent findings implicate complementary effects on spine 

remodeling and multicellular ensemble activity in the induction and remission of a 

depression-related behavioral state.

Both CORT and ketamine are well positioned to regulate dendritic spine remodeling at a 

molecular level. Circadian oscillations in glucocorticoid activity have been implicated in 

balancing spine formation and elimination through both transcription-dependent processes 

and rapid, nongenomic mechanisms converging on the regulation of actin cytoskeletal 

remodeling by LIM kinase 1 and its substrate cofilin (80). Chronic excessive CORT 

exposure disrupts this balance, leading to widespread spine loss (80, 81). Stress effects on 

microglial activation may also be involved (82–86). Ketamine is well positioned to regulate 

spine density through the activation of brain-derived neurotrophic factor (BDNF)-TrkB and 

mammalian target of rapamycin complex 1 (mTORC1) signaling (4, 5, 50). BDNF-

dependent signaling may also be involved in facilitating clustered spine restoration after 

ketamine treatment. Activity-dependent BDNF signaling at existing spines can “prime” 

neighboring dendritic sites for structural plasticity by activating a tripartite signaling 

mechanism involving Cdc42, Rac1, and RhoA (87).

Our results also define a specific causal role for PFC spinogenesis in mediating transitions 

among a depression-related behavioral state, behavioral remission, and spontaneous 
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recurrence. Ketamine’s acute effects on depression-related behavior and circuit function 

occur rapidly and precede the onset of spine formation, which in turn suggests that spine 

remodeling may be an activity-dependent adaptation to changes in circuit function (83, 88) 

and is consistent with theoretical models implicating synaptic homeostasis mechanisms in 

depression and the stress response (89, 90). Although not required for inducing ketamine’s 

effects acutely, these newly formed spines are critical for sustaining the anti-depressant 

effect over time. Of note, interfering with ketamine-induced spine formation blocked its 

effects on motivated escape behavior but not on sucrose preference, indicating a specific role 

for prefrontal spinogenesis in sustaining some but not all antidepressant behavioral changes. 

Spine remodeling in the hippocampus, amygdala, nucleus accumbens, and other structures 

may support other behaviors, and some behavioral changes may be sustained by other 

mechanisms (5, 89, 91–95).

By monitoring spine remodeling longitudinally, our experiments also reveal that although 

ketamine reverses chronic CORT effects on spine density and behavior, this apparent 

normalization belies the facts that most lost spines are not restored in their original positions 

and the baseline configuration of prefrontal spines is persistently altered. Whereas ~45% of 

new spines persisted for at least 4 days after ketamine treatment—indicating a high 

likelihood that they contain functional synapses—the remaining ~55% were quickly lost. 

Together, the failure to fully restore the baseline configuration of PFC synapses immediately 

after ketamine treatment and the subsequent loss of at least half of these newly formed 

spines may act as substrates for the spontaneous recurrence of depression-related behaviors

—a common finding in clinical studies 1 week after treatment (1–3). Pharmacological and 

neurostimulatory interventions for enhancing and preserving the rescue of lost synapses may 

therefore be useful for promoting sustained remission.

Materials and methods summary

For additional details on each section below, as well as information on stress paradigms, 

ketamine treatment, stereotaxic coordinates, behavioral assays, immunohistochemistry, 

histological verification, and statistical analyses and other information, see the 

supplementary materials.

Animals

Young adult (aged 9 to 20 weeks) male Thyl/YFP-H transgenic mice and C57BL/6J mice 

were used for spine imaging and other experiments, respectively. Animals were group-

housed under a 12-hour-12-hour light-dark cycle and provided ad libitum access to food and 

water (except during restraint stress). Sample sizes for each experiment were determined by 

using G*Power analysis software, on the basis of anticipated effect sizes that were estimated 

from previously published reports whenever they were available, and were powered to detect 

moderate, biologically meaningful effect sizes. AH studies were approved by the Weill 

Cornell Institutional Animal Care and Use Committee.

Moda-Sava et al. Page 10

Science. Author manuscript; available in PMC 2020 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surgery

Stereotactic injections were performed under anesthesia to introduce viral vectors. AAVl-

hSyn-GCaMP6s was injected into the PFC for calcium imaging and fiber photometry 

experiments. AAV1-SARE-Arc-PSDelta1.2-mVenus-PARac1 was expressed in the mPFC 

for spine deletion experiments. For prism implantations, 4-mm-diameter circular 

craniotomies were centered over the midline, and 1.5-mm right-angle boro-silicate glass 

prisms were implanted in the mPFC contralateral to the viral injection site by using a digital 

micromanipulator. For fiber photometry experiments, a smaller craniotomy was opened, and 

400-um-diameter multimodal optical fibers or custom dual-core implantable fiber optic 

cannulas were implanted above the injection sites.

Data acquisition summary

All in vivo images were acquired by using a 2P laser-scanning microscope (Olympus RS) 

with a Mai Tai DeepSee laser tuned to 920 nm and a 25×, 1.0NA water-immersion objective 

(4-mm working distance). For calcium imaging experiments, time-lapse images were 

acquired at ~1 frame per second in awake mice. Z-stacks through up to 250-μm depths were 

acquired for spine and AS-PaRac1 experiments. Fiber photometry was conducted during tail 

suspension behavior. GCaMP6s was excited with a 470-nm light-emitting diode (LED) 

through an optical fiber patch cord (modulated at a frequency of 521 Hz). Calcium signals 

were aligned to behavioral measures via transistor-to-transistor logic (TTL) pulses.

Data analysis summary

All data were analyzed by investigators who were blind to the experimental condition. 

Dendritic spine remodeling was assessed in ImageJ in Thy1/YFP mice on randomly selected 

dendritic branch segments containing clearly distinguishable spines. Formed and eliminated 

spines were identified in pairs of images obtained from the same areas over given intervals, 

and rates were quantified as a proportion of the total number of spines evaluated. Calcium 

imaging data preprocessing and cell segmentation were performed by using established 

methods (90–92) instantiated in MATLAB scripts. Fluorescence signal time series [the 

change in fluorescence divided by the baseline fluorescence (ΔF/F)] were calculated for each 

neuron relative to a 40-s sliding window baseline. Photometry data were acquired 

continuously during tail suspension behavior and analyzed by using MATLAB scripts to 

normalize fluorescence signals and identify the onset and termination of calcium transients. 

For details on the analysis of clustered spine remodeling, calcium imaging (correlated 

activity and ensemble events), and photometry data (predicting TST behavior), see the 

supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Targeted, branch-specific spine remodeling underlies behavioral state transitions.
(A) 2P spine imaging of YFP-expressing neurons through a microprism implanted across the 

midline in the mPFC before and after 21 days of chronic CORT exposure and after 

antidepressant-dose ketamine (post-ket) (10 mg/kg ip). Red and blue arrows indicate 

eliminated and formed spines, respectively. FrA, frontal association cortex; ACg, anterior 

cingulate cortex; PL, prelimbic cortex; IL, infralimbic cortex. (B) Spine elimination 

increased (*P = 0.0043, Wilcoxon W = 15.0) after 21 days of chronic CORT (n = 6 mice) 

compared with that in controls (n = 5 mice), whereas ketamine had no effect on spine 
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elimination (n = 7 mice) compared with that in vehicle-treated controls (n = 6 mice). 

Throughout, box plots depict the median, interquartile range, and minimum and maximum 

excluding outliers, and outliers are plotted individually. NS, not significant. (C) Spine 

formation decreased (*P = 0.0087, Wilcoxon W = 44.5) after 21 days of chronic CORT, 

whereas ketamine increased spine formation. (D)Spine elimination per dendritic branch 

segment was significantly elevated (t = 8.05, df = 297, P = 1.9 × 10−14) and bimodally 

distributed in the chronic CORT-exposed group (n = 149 branches from 5 mice) compared 

with that in controls (n = 150 branches from 6 mice), such that 39.6% of dendritic branch 

segments in the chronic CORT-exposed group exhibited spine elimination rates that were >2 

standard deviations above the mean for controls. (E) Spatially clustered spine elimination 

after chronic CORT exposure. The average distance between an eliminated spine and its 

nearest eliminated neighbor (2.5 μm) (red circle) was significantly reduced (P < 0.001), 

relative to what would be expected by chance given the observed rate of spine elimination, 

in simulations denoted by the box plot (see supplementary materials). (F) Spine formation 

per dendritic branch segment was significantly elevated (t = 9.48, df = 205, P = 6.7 × 10−18) 

and bimodally distributed in the ketamine-treated group (n = 103 branches from 7 mice) 

compared with that in vehicle-treated controls (n = 104 branches from 7 mice), such that 

51.5% of dendritic branch segments in the ketamine-treated group exhibited spine formation 

rates that were highly elevated compared with those in vehicle-treated controls. (G) The 

average distance between a newly formed spine and its nearest eliminated neighbor (2.8 μm) 

(blue circle) was significantly reduced (P < 0.001) relative to what would be expected by 

chance given the observed rate of spine formation, as estimated in simulated data.
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Fig. 2. Ketamine selectively restores spines lost during chronic CORT exposure.
(A) Experimental timeline (identical to that in Fig. 1A). Restored spines (blue) were defined 

as spines that formed in the 24-hour period after ketamine treatment in a position <2 μm 

from a previously eliminated spine. (B) Of newly formed spines, 47.7% were located <2 μm 

from a spine lost during chronic CORT exposure (n = 7 mice), a proportion significantly 

greater than the 14.5% observed in vehicle-treated controls (n = 6 mice; *P = 0.0012, 

Wilcoxon W = 21.0). (C) The observed fraction of restored spines (blue circle) was 

significantly (P < 0.001) greater than expected by chance given the observed rate of spine 
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formation in simulated data in which formed spines were randomly distributed (box plot) 

(see supplementary materials). (D) The change in spine density from day 1 (baseline) to day 

21 (post-chronic CORT) or day 22 (postketamine) was quantified by subtracting the spine 

elimination rate from the spine formation rate during the specified imaging interval. 

Ketamine reversed chronic CORT effects on spine density [Kruskal-Wallis analysis of 

variance (ANOVA), **P = 5.6 × 10−4, χ2 = 14.96]. (E) Of spines lost during chronic CORT, 

48.3% were restored after ketamine treatment (n = 7 mice) versus 3.3% in vehicle-treated 

controls (n = 6 mice; **P = 0.0012, Wilcoxon W = 21.0). (F) Representative confocal image 

of PSD-95 immuno-fluorescence in the mPFC. Scale bar, 30 μm. (G) PSD-95 density (z-

scored with respect to the mean density in controls; N = 18 samples from n = 6 subjects per 

group) varied by experimental condition (mixed-effects ANOVA, F2,45 = 10.39, P = 0.0019). 

In the dorsal mPFC, PSD-95 density was significantly lower in the chronic CORT-treated 

group than in untreated controls (t10 = 2.43, *P = 0.035). Ketamine reversed this effect (t10= 

4.15, **P = 0.002). (For other PFC subregions, see fig. S6.)
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Fig. 3. Ketamine rescues CORT-induced microcircuit dysfunction.
(A) 2P calcium imaging of GCaMP6s-expressing neurons through a microprism implanted 

across the midline in the mPFCs of head-fixed, awake mice. Calcium imaging occurred 

before and after 10 days of chronic CORT treatment and 24 hours after ketamine treatment 

(10 mg/kg ip). (B) Raster plots depicting changes in activity (ΔF/F) over time for a 

representative neuronal population before and after chronic CORT and 1 day after ketamine 

treatment. Each row represents a single cell. Green bands below denote statistically 

significant multicellular ensemble events. (C) Representative traces depicting the proportion 
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of simultaneously active cells over time for the neuronal population depicted in (B).The 

green dashed line delineates the upper end of a 99.9% confidence interval for the proportion 

of simultaneously active cells in shuffled data (see supplementary materials). (D) 

Representative correlation matrices quantifying functional connectivity between each cell 

and every other cell. (E) Cumulative distribution plot of cell-cell correlations for all cells 

across all animals in each condition (N = 98,878 correlations at baseline, N = 145,467 after 

chronic CORT, N = 114,593 after ketamine from n = 3 mice). Mixed-effects ANOVA 

(subject = random effect) showed that the distribution shifted left (decreased) after chronic 

CORT (mean correlation coefficient r = 0.084 versus 0.188 at baseline; t = 3.02; P = 0.0025 

for the difference between chronic CORT and baseline), and ketamine rescued this effect 

(mean r = 0.187; t = 0.39; P = 0.698 for the difference between ketamine and baseline). (F) 

The frequency of multicellular ensemble events (expressed as the probability of an ensemble 

event occurring in any given time frame) decreased after chronic CORT (median, 8.4% 

versus 17.4% at baseline) and was rescued after ketamine treatment (chronic CORT + Ket) 

(median, 14.7%; mixed-effects ANOVA, F2,15 = 17.1, P = 0.00013 for main effect of group; 

N = 8 observations per experimental condition). (G) The proportion of cells participating in 

a multicellular ensemble event also decreased after chronic CORT (mean = 37.7% versus 

74.1% at baseline for N = 39 and N = 28 multicellular ensemble events in n = 3 mice) and 

was rescued after ketamine treatment (mean = 63.8% for N = 35 events; mixed-effects 

ANOVA, F2,93 = 10.8, P = 0.024). By contrast, in untreated controls, no significant changes 

occurred over time in any of the measures in (E) to (G) (fig. S5). *P < 0.05 (significantly 

different post hoc contrast, Holm-Bonferroni corrected).
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Fig. 4. Ketamine rescues CORT effects on coordinated PFC activity and active avoidance 
behavior.
(A) (Top) Experimental timeline and schematic showing optical fiber placement in the 

vmPFC and representative fiber photometry recording of GCaMP6s-expressing neurons 

during tail suspension. (Bottom) A representative photometry trace in which pink bands 

indicate periods of struggling to escape. Insets show representative examples of GCaMP6s 

activity increasing before the onset of struggling. (B) Mean vmPFC activity (ΔF/F) ± SEM 

(gray band) time locked to the onset of struggling (time = 0), averaged over all bouts of 
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struggling across all mice. Increased vmPFC activity preceded the onset of struggling by ~1 

s. (C) Distribution of calcium-transient events during bouts of immobility by latency to the 

onset of the next bout of struggling. Monte Carlo simulation showed that during bouts of 

immobility, calcium transients predicted the onset of struggling: The median latency to the 

onset of struggling (4.0 s) was significantly shorter than would be expected by chance (7.0 s) 

in randomly shuffled data (P < 0.0001 across 10,000 iterations), and 37.1% of all transients 

occurred <1 s before the onset of struggling. (D) Cumulative distribution of calcium 

transients by latency to the onset of struggling, grouped by transient amplitude. Linear 

mixed-effects modeling showed that latency to the onset of struggling varied with transient 

amplitude (t303 = 3.84, P = 0.0015), such that larger transients predicted shorter latencies. 

The gray band denotes the 99% confidence interval for the median latency in shuffled data. 

The median latency for transients in all four groups was less than that expected by chance in 

shuffled data, with the largest effects occurring for transients in the upper quartile (median 

latency = 0.69 s). (E) Chronic CORT increased the total duration of immobility during tail 

suspension, whereas ketamine rescued this effect [n = 8 control mice, n = 10 chronic CORT-

treated mice, n = 14 chronic CORT-plus-ketamine (CORT+ket)-treated mice; Kruskal-Wallis 

ANOVA, *P = 0.0003, χ2 = 15.93]. (F) Chronic CORT significantly reduced the frequency 

of vmPFC calcium transients during tail suspension, and ketamine rescued this effect (n = 8 

control mice, n = 10 chronic CORT-treated mice, n = 11 ketamine-treated mice; Kruskal-

Wallis ANOVA, *P = 0.0083, χ2 = 9.59). (G) Cumulative distribution of calcium transients 

by latency since the onset of immobility showing the accumulation of transients overtime, 

sorted by experimental condition. Linear mixed-effects modeling showed that vmPFC 

activity accumulated more slowly over time after chronic CORT exposure (median latency, 

10.2 s for n = 378 transients versus 7.2 s for n = 305 transients in controls), and ketamine 

rescued this effect (median latency, 6.8 s for n = 378 transients; t983 = 2.21).

Moda-Sava et al. Page 24

Science. Author manuscript; available in PMC 2020 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Prefrontal spinogenesis is not required for inducing ketamine’s effects on behavior or 
circuit function.
(A) Experimental timeline for data in (B) to (D). To avoid habituation in the TST due to 

repeated testing on the same day, each subject in (B) was tested only once in this assay 

(between-subjects design; N = 12 subjects per time point per group). For 2P imaging in (C), 

each subject was assessed repeatedly at each specified time point (within-subjects design; N 
= 12 subjects per group). (B) Rapid effect of ketamine on immobility in the TST (main 

effect of treatment, F1,132 = 149.1, P < 0.0001; main effect of time, F5,132 = 1.20, P = 0.314; 
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interaction, F5,132 = 1.24, P = 0.295). *P < 0.002 (significant post hoc linear contrast). (C) 

Delayed effect of ketamine on spine formation (main effect of treatment, F1,108 = 145.7, P < 

0.0001; main effect of time, F5,108 = 81.6, P < 0.0001; interaction, F5,108 = 17.4, P < 0.000l). 

*P < 0.0006 (significant post hoc linear contrast). NS, not significant. (D) The survival of 

restored spines (the percentage of spines lost after chronic CORT and restored after 

ketamine) was significantly correlated with immobility behavior 2 to 7 days after treatment 

(Spearman’s rho = 0.770, P = 0.0034). (E) Experimental timeline for data in (F) to (K). To 

test whether ketamine effects on microcircuit activity preceded or followed effects on spines, 

2P calcium imaging was performed before and after chronic CORT and 3, 12, and 24 hours 

after ketamine treatment (within-subjects design). (F) Raster plots depicting changes in 

activity (ΔF/F) over time for a representative neuronal population before and after chronic 

CORT and 1 day after ketamine treatment, as in Fig. 3B.(G) Representative traces depicting 

the proportion of simultaneously active cells over time for the neuronal population depicted 

in (F). The green dashed line delineates the upper end of a 99.9% confidence interval for the 

proportion of simultaneously active cells in shuffled data (see supplementary materials). (H) 

Representative correlation matrices quantifying functional connectivity between each cell 

and every other cell. (I) There was a reduction in functional connectivity (mean correlation) 

after chronic CORT, and ketamine rescued this effect within 3 hours of treatment (N = 5 to 8 

samples per condition from n = 3 subjects; mixed-effects ANOVA, subject = random effect; 

main effect of time, F4,32 = 3.05, P = 0.032). For cumulative distribution functions for all 

correlation coefficients, see fig. S12. (J) The frequency of multicellular ensemble events 

(expressed as the probability of an ensemble event occurring in any given time frame) 

decreased after chronic CORT and was rescued within 3 hours of ketamine treatment 

(mixed-effects ANOVA; main effect of time, F4,32 = 9.28, P = 4.27 × 10−5). (K) The 

proportion of cells participating in a multicellular ensemble event also decreased after 

chronic CORT and was rescued within 3 hours of ketamine treatment (mixed-effects 

ANOVA; main effect of time, F4,341 = 7.65, P = 6.55 × 10−6). For (I) to (K), *P < 0.05 

(significantly different post hoc contrast, Holm-Bonferroni corrected).
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Fig. 6. Prefrontal spinogenesis sustains antidepressant-induced behavioral recovery over time.
(A) Experimental time course schematic. To control for individual differences in TST 

behavior as in a recently published report (72), we tested subjects before chronic CORT 

exposure and again 2 days after ketamine treatment (Rx) to determine whether ketamine 

reversed CORT effects on immobility and whether maintaining this effect required spine 

formation. (B) Photoactivating AS-PaRac1 (N = 7 mice) blocked ketamine effects on spine 

formation (Wilcoxon W = 50.0, *P = 0.0025) (right) and increased spine elimination 

(Wilcoxon W = 18.0, *P = 0.0177) (left) compared with that in controls not expressing AS-

PaRac1 (N = 5 mice). (C) Photoactivating AS-PaRac1 interfered with the maintenance of 

ketamine’s effects on immobility behavior (F1,17 = 9.96, *P = 0.0058) and (D) calcium-

transient frequency (F1,17 = 16.6, *P = 0.019) during tail suspension 2 days after treatment. 

(E) No effect of photoactivating AS-PaRac1 on sucrose preference behavior 2 days after 
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ketamine treatment (N = 8 mice per group; Wilcoxon W = 63.0, P = 0.645). (F) 

Photoactivating AS-PaRac1 3 hours after ketamine treatment (before the onset of ketamine’s 

effects on spine formation) had no effect on TST behavior 2 days after treatment (F1,17 = 

0.201, P = 0.660, N = 10 AsPaRac1 mice and N = 9 controls). NS, not significant.
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