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Abstract

Background—Prefrontal global brain connectivity with global signal regression (GBCr) was 

proposed as a robust biomarker of depression, and was associated with ketamine’s mechanism of 

action. Here, we investigated prefrontal GBCr in treatment-resistant depression (TRD) at baseline 

and following treatment. Then, we conducted a set of pharmacological challenges in healthy 

subjects to investigate the glutamate neurotransmission correlates of GBCr.

Methods—In study A, we used functional magnetic resonance imaging (fMRI) to compare GBCr 

between 22 TRD and 29 healthy control. Then, we examined the effects of ketamine and 
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midazolam on GBCr in TRD patients 24h post-treatment. In study B, we acquired repeated fMRI 

in 18 healthy subjects to determine the effects of lamotrigine (a glutamate release inhibitor), 

ketamine, and lamotrigine-by-ketamine interaction.

Results—In study A, TRD patients showed significant reduction in dorsomedial and dorsolateral 

prefrontal GBCr compared to healthy control. In TRD patients, GBCr in the altered clusters 

significantly increased 24h following ketamine (effect size = 1.0 [0.3 1.8]), but not midazolam 

(effect size = 0.5 [−0.6 1.3]). In study B, oral lamotrigine reduced GBCr 2h post-administration, 

while ketamine increased medial prefrontal GBCr during infusion. Lamotrigine significantly 

reduced the ketamine-induced GBCr surge. Exploratory analyses showed elevated ventral 

prefrontal GBCr in TRD and significant reduction of ventral prefrontal GBCr during ketamine 

infusion in healthy subjects.

Conclusions—This study provides first replication of the ability of ketamine to normalize 

depression-related prefrontal dysconnectivity. It also provides indirect evidence that these effects 

may be triggered by the capacity of ketamine to enhance glutamate neurotransmission.
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Introduction

Major depressive disorder (MDD) is a disabling mental illness with poorly understood 

pathophysiology and high rates of inadequate treatment response (1, 2). Accumulating 

evidence over the past 2 decades strongly implicated glutamate neurotransmission 

alterations in the pathophysiology and treatment of MDD (3, 4), particularly the exciting 

discovery of rapid acting antidepressant effects induced by subanesthetic doses of ketamine, 

a glutamate modulator (5–8). However, with the exception of ketamine, translating the 

glutamate findings into novel antidepressants has been difficult, with various agents showing 

no antidepressant effects or exiting development pipelines by pharmaceutical industry due to 

failure reaching primary targets (9–11). A major challenge in the field is to establish robust 

in vivo in human biomarkers that could serve as measures of target engagement and target 

validation in the development of rapid acting antidepressants (12–14). These biomarkers 

would advance our understanding of the neurobiology of depression and could play a critical 

role in early phases of drug development. In this report, we used a promising biomarker of 

functional network connectivity, termed global brain connectivity with global signal 

regression (GBCr) (15, 16), to establish the effects of ketamine on prefrontal connectivity in 

MDD and healthy subjects, and to demonstrate a direct link between large scale connectivity 

networks and underlying glutamate neurotransmission.

Ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist, is a rapid acting 

antidepressant that is believed to exert its therapeutic effect by inducing a glutamate 

neurotransmission surge leading to increased synaptogenesis and reversal of depression-

related glutamate synaptic deficits (17, 18). To date, two non-mutually exclusive models 

have been proposed for the mechanisms through which ketamine induces glutamate 
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neurotransmission (19, 20). The NMDA model proposes that subanesthetic doses of 

ketamine preferentially block NMDA receptors on a subpopulation of interneurons 

precipitating disinhibition of glutamate neurotransmission (21, 22). A more recent model 

suggested the presence of ketamine metabolites (Z-6-Hydroxynorketamine) that activate 

synaptic glutamate neurotransmission independent of inhibiting NMDA receptors, through a 

yet unidentified mechanism (20). Both models converge on the role of AMPA-dependent 

activation of glutamate neurotransmission as a common pathway to induce downstream 

synaptogenesis and rapid acting antidepressant effects (23). Preclinical work showed a 

robust glutamate neurotransmission surge after administering ketamine or other rapid acting 

antidepressants (24). In humans, proton magnetic resonance spectroscopy (1H MRS) has 

been used to provide indirect evidence of the ability of ketamine to stimulate glutamate (25, 

26), although one study failed to support this conclusion (27). In depressed individuals, 

preliminary evidence in 8 subjects showed increased mPFC Glx during ketamine infusion 

(28). Others failed to show occipital cortical glutamate changes 3h and 24h post-ketamine 

(29). Together, these data provided mechanistic evidence of a ketamine-induced mPFC 

glutamate surge during infusion in healthy and depressed subjects. However, the 

inconsistencies affect the potential utility of these methods as a robust biomarker for drug 

development. These inconsistencies are potentially influenced by the limited spatial and 

temporal resolutions of the approach and by the fact that 1H MRS measures total levels of 

glutamate (i.e., intra- and extra-cellular) that may not sufficiently capture glutamate 

activation and transmission.

GBCr is a robust well-validated graph theory measure of large scale functional connectivity 

networks. Using functional magnetic resonance imaging (fMRI), GBCr is measured as the 

average correlation between each voxel and all other voxels in the brain gray matter. These 

global brain connectivity values, a.k.a. functional connectivity strength, have been used to 

identify major brain networks (30), were found to predict cognitive functioning and 

intelligence (31), and were shown to significantly correlate with regional cerebral blood flow 

(32, 33). Accumulating evidence has consistently shown reduced PFC GBCr across various 

psychiatric disorders marked by chronic stress (15, 34–39). Thus, it was proposed that these 

PFC GBCr abnormalities may reflect depression and stress-induced glutamate alterations 

(16, 17, 34). Depressive features and chronic stress in animal models reduce prefrontal 

glutamate synaptic density and strength, abnormalities that are reversed by ketamine 

treatment (40). Consistent with this model, we have recently demonstrated widespread 

GBCr reduction in the dorsomedial, frontolateral, and ventral PFC in patients with MDD 

(35). In treatment-resistant depression (TRD), we found comparable GBCr reduction in 

dorsomedial and frontolateral, but not ventral (Limbic network; vPFC), PFC in patients at 

baseline (16). These GBCr abnormalities were primarily located in the Ventral Attention and 

Frontoparietal networks within the PFC (41). At 24h following ketamine administration, we 

found a pattern of normalization of pre-treatment PFC GBCr alterations and a significant 

increase in frontolateral GBCr that positively correlated with improvement of depression 

(16).

Considering preclinical evidence of glutamate synaptic transmission normalization 24h post-

ketamine administration in models of depression (40), our previous ketamine findings in 

TRD suggested a crucial role for PFC connectivity in TRD and raised an essential 
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translational question, whether the ketamine-induced increases in synaptic glutamate 

neurotransmission is causally related to fMRI measure of GBCr. In the current report, we 

first replicated, in a new independent cohort of TRD patients, the presence of PFC GBCr 

abnormalities in TRD and the ability of ketamine to reverse these GBCr alterations 24h post-

treatment. Then, we employed experimental pharmacoimaging challenges in healthy 

subjects to demonstrate a correlational relationship, as well as to probe for a putative causal 

link, between glutamate neurotransmission and functional connectivity as measured by 

GBCr. The demonstration of a direct link between synaptic transmission and GBCr would 

provide insight into the neurobiology of depression and the mechanism of action of rapid 

acting antidepressants. It will also present GBCr as a potential biomarker of target 

validation. Moreover, considering the robust ketamine induction of glutamate 

neurotransmission during infusion, GBCr could serve as a biomarker of target engagement if 

a direct link between GBCr and underlying synaptic transmission is demonstrated.

To accomplish the study aims, we first compared PFC GBCr between TRD and healthy 

controls (HC), predicting reduced GBCr in prefrontal regions within the Ventral Attention 

and Frontoparietal, but not Limbic networks. We hypothesized that ketamine would reverse 

these PFC GBCr alterations 24h following treatment. Then, to investigate the relationship 

between glutamate neurotransmission and GBCr, we examined whether lamotrigine, an 

inhibitor of glutamate neurotransmission, would induce a reduction in PFC GBCr. We also 

examined the effects of ketamine on PFC GBCr during infusion, hypothesizing that 

ketamine would increase dorsomedial and frontolateral GBCr but reduce vPFC GBCr –

comparable to previous report of reduced vPFC activity during ketamine infusion (42). 

Finally, to provide experimental evidence of a direct link between ketamine induction of 

glutamate neurotransmission and GBCr, we hypothesized that lamotrigine would 

significantly reduce the ketamine-induced PFC GBCr changes.

Methods

Participants

The studies were approved by institutional review boards. All subjects completed an 

informed consent process prior to participation (ClinicalTrials.gov identifier: 

NCT00768430). All imaging data presented in this report are new and have not been 

previously published. Cohort A study was conducted at one site (Houston, TX), as an add-on 

to a ketamine clinical trial that was previously published (6). Cohort B study was conducted 

at one site (New Haven, CT), aimed to investigate the modulation of ketamine effects by 

lamotrigine.

Cohort A included 22 TRD (54% males, mean age ±SEM = 44 ±2.3 years) and 29 HC (55% 

males, mean age ±SEM = 44 ±1.8 years). All participants completed fMRI scans at baseline. 

Of the 22 TRD, 20 subjects were randomized to ketamine (n = 13; 0.5mg/kg over 40 

minutes) or to active placebo midazolam (n = 7; 0.045 mg/kg over 40 minutes). Seventeen 

TRD subjects (10 ketamine; 7 midazolam) completed fMRI scans at 24h following 

treatment. Study criteria for the TRD group included current MDD diagnosis, treatment 

resistant to at least 3 antidepressants according to the Antidepressant Treatment History 

Form (ATHF), no psychotropic medication for at least 1 week (4 weeks for fluoxetine), no 
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substance use disorder for at least 24 months, no MR contraindications, no unstable medical 

condition, and no history of bipolar or psychotic disorders. HC had no psychiatric disorders 

and no MR contraindications. Primary outcome of depression severity was the Montgomery-

Åsberg Depression Rating Scale (MADRS) at baseline and 24h post-treatment. Secondary 

measure included the Inventory of Depressive Symptomatology (IDS).

Cohort B included 18 males between the ages of 22 and 36 (mean ±SEM = 28 ±0.9 years). 

Participants were excluded if they had an unstable medical illness, a psychiatric disorder, or 

an MR contraindication. The study used a double-blind crossover design in which 

participants were randomized to three study sessions: I- oral placebo followed by normal 

saline infusion, then intravenous placebo (saline) (Plc-Plc); II- oral placebo followed by 

normal saline infusion, then intravenous ketamine (Plc-Ket); III- oral lamotrigine (300 mg), 

followed by normal saline infusion, then intravenous ketamine (Lamo-Ket). Subjects, but not 

investigators, were blind to the fact that the first infusion was always saline. The oral drug 

(placebo or lamotrigine) was administered 2 hours prior to normal saline. This lamotrigine 

dose was selected as it was the largest dose that had been safely administered to lamotrigine-

naïve subjects for research purposes (43). Study sessions were separated by at least 1 week. 

Ketamine was administered as bolus (0.23 mg/kg in 2 min) followed by 0.58 mg/kg over 

approximately 70 min, a well-validated infusion regimen to maintain a steady-state level of 

ketamine during fMRI acquisition and subsequent clinical assessments. This ketamine dose 

is also comparable to doses that have been shown to produce a prefrontal glutamate surge 

during infusion in healthy subjects (26). The Brief Psychiatric Rating Scale (BPRS) and 

Clinician-Administered Dissociative States Scale (CADSS) were used to assess the 

psychotomimetic effects of ketamine during infusion.

Neuroimaging

In Cohort A, resting-state fMRI scans (voxel size = 3.4×3.4×4 mm, TR = 2000 ms, 150 

frames) were completed at baseline for all subjects (TRD and HC) and repeated 24h 

following ketamine and midazolam infusions in TRD participants. In Cohort B, fMRI scans 

were acquired while subjects performed a visual oddball task (voxel size = 3.4×3.4×4.5 mm; 

TR = 2000 ms, 210 frames) and were repeated during each session. Functional connectivity 

measures were computed on the visual oddball task fMRI data comprising three 7 min. runs 

during normal saline infusion and three 7 min. runs during study drug infusion. The results 

of the visual oddball task will be reported elsewhere. Participants in both cohorts completed 

structural MRI scans for coregistration. GBCr values were computed as the average of the 

correlations of the BOLD time series between each voxel and all other voxel in the brain 

gray matter. GBCr methods have been detailed in previous reports (16, 34) and summarized 

in the Supplemental Information (SI).

Statistical Analyses

For additional details, please see SI. Briefly, independent t-tests were used to compare TRD 

and HC. Paired t-tests were used to examine the effects of lamotrigine and ketamine on 

GBCr. Correlational analyses examined the relationships between GBCr and behavioral 

measures. To examine the effects of lamotrigine, we conducted a voxel-wise paired t-test 

comparing PFC GBCr post lamotrigine and post placebo (fMRI runs prior to the infusion of 
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the study drug). To examine the effects of ketamine on PFC GBCr, we compared delta GBCr 

(drug – saline) between the placebo-ketamine and placebo-placebo sessions using voxel-

wise paired t-tests. To examine the effects of lamotrigine on the ketamine-induced GBCr 

changes, we extracted the average delta GBCr in the clusters that showed significant 

increase during ketamine infusion and conducted a pairwise paired t-test comparing delta 

GBCr between each of the study arms. All voxel-wise analyses were limited to the PFC and 

only voxels surviving correction for multiple comparisons are reported in the main text and 

figures. Type I error correction for voxel-wise analyses was based on permutation methods 

(44). Significance was set at p ≤ 0.05.

Results

TRD and HC were well matched for age and sex. Demographics and clinical characteristics 

are reported in Table 1. On average, TRD participants had moderate to severe depression 

with considerable history of treatment failures. Comparable to the parent clinical trial (6), 

there was a treatment by time interaction in the 20 randomized subjects (F(1,18) = 5.8; p = 

0.03), with significant reduction in MADRS severity in the ketamine group compared to 

placebo (Fig. S1). The full description of the behavioral measures and treatment effects in 

TRD subjects were previously reported (6).

GBCr in TRD & Post-ketamine

Following correction for multiple comparisons, a voxel-wise analysis comparing TRD and 

HC in Cohort A showed significantly lower GBCr in TRD in three PFC clusters (Fig. 1A; 

Table S1). These clusters were located in the bilateral dorsomedial and right dorsolateral 

PFC. GBCr abnormalities overlapped with the Ventral Attention and Frontoparietal 

networks (Fig. 1A).

As shown in Fig. 1B, the average GBCr in the altered clusters significantly increased 

following ketamine treatment (mean ±SEM pre-treatment = 0.18 ±0.03; post-treatment = 

0.26 ±0.04; t = 2.9; p = 0.017). However, we found no significant changes in the placebo 

group (t = 1.2; p = 0.29). Considering the small samples, the effects of ketamine and placebo 

were confirmed using non-parametric tests and using a bootstrapping approach with 10,000 

iterations. These follow-up analyses similarly showed significant increase in GBCr 

following ketamine (p = 0.03, effect size = 1.0, CI = 0.3 to 1.8), but no significant changes 

were found following placebo (p = 0.03, effect size = 0.5, CI = −0.6 to 1.3). In the full TRD 

group, we found no correlation between baseline GBCr in the altered clusters and MADRS 

(r = 0.1, p = 0.7) or IDS severity (r = −0.1, p = 0.8).

GBCr & Glutamate Modulators

In Cohort B, lamotrigine significantly reduced GBCr in a cluster containing part of the 

bilateral rostral anterior cingulate and medial PFC (Fig. 2A; Table S1). This cluster 

primarily overlapped with the Default Mode network within the PFC (Fig. 2A). Ketamine 

significantly increased GBCr in two clusters located in the bilateral dorsomedial and left 

frontolateral PFC (Fig. 2B; Table S1). These clusters primarily overlapped with the 
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Frontoparietal and Default Mode networks (Fig. 2B). Lamotrigine pretreatment significantly 

reduced the ketamine-induced GBCr increases in these two clusters (Fig. 3).

Ketamine significantly increased BPRS (z = 3.5, p < 0.001) and CADSS scores (z = 3.7, p < 

0.001). Pretreatment with lamotrigine had no significant effects on the ketamine-induced 

increases in BPRS (z = 1, p = 0.29) and CADSS scores (z = 0, p = 1). Similarly, follow-up 

analysis showed ketamine-induced increases in BPRS Positive (z = 2.8, p = 0.005) and 

Negative symptoms (z = 3.2, p = 0.001), but there were no effects of lamotrigine 

pretreatment (all p > 0.1).

PFC Limbic Network

The PFC limbic area plays a critical role in the pathophysiology of depression. In addition, 

previous reports associated this brain area with TRD and ketamine infusion (16, 35, 42). 

Therefore, we conducted a follow-up region of interest (ROI) analysis examining the 

average GBCr in the vPFC (Fig. 4A). We found significantly higher vPFC GBCr in TRD 

compared to HC (t = 2.4, p = 0.02; Fig. 4B) and the number of previous treatment failures as 

measured by ATHF positively correlated with vPFC GBCr (r = 0.47, p = 0.03; Fig. 5A). 

However, ketamine treatment did not significantly reduce vPFC GBCr 24h post-treatment in 

TRD subjects (t = −1.3, p = 0.2; Fig. 4C). In healthy subjects, ketamine produced a robust 

reduction in vPFC GBCr during infusion (t = −4.1, p = 0.001; Fig. 4D). Following 

pretreatment with lamotrigine, ketamine showed no significant effects on vPFC GBCr (t = 

−1.4, p = 0.17).

GBCr & Treatment Response

Exploratory analyses were conducted to examine whether baseline GBCr predicted the 

antidepressant effects of ketamine or placebo. Regardless of treatment, baseline GBCr in the 

altered clusters significantly predicted improvement in MADRS (F(1,17) = 7.1; p = 0.02; Fig. 

5B), but not improvement in IDS (F(1,14) = 2.5; p = 0.14). We found no significant 

interaction between GBCr and treatment (all p > 0.1). There were no significant correlations 

between GBCr changes and improvement (all p > 0.1). Using baseline vPFC GBCr, we 

found a significant vPFC GBCr by treatment interaction, which differentially predicted 

improvement in MADRS (F(1,17) = 4.2; p = 0.05) and IDS (F(1,14) = 5.1; p = 0.04; Fig. 5C).

Discussion

This study affirmed its primary objectives. We have confirmed the presence of reduced PFC 

GBCr in treatment resistant MDD patients. Comparable to our previous report in TRD, the 

GBCr reduction was evident in the Ventral Attention and Frontoparietal, but not the Limbic 

networks within the PFC. Using a set of pharmacological challenges, we have demonstrated 

that the inhibition of glutamate transmission reduces mPFC GBCr. Similarly, the previously 

shown ketamine-induced glutamate increases in the mPFC (25, 26, 28) were paralleled by 

robust ketamine-induced increases in mPFC GBCr, which we interpret as putative evidence 

of an association between increased cortical glutamate transmission and GBCr. Further 

supporting a direct link between glutamate neurotransmission and GBCr, we have shown 

that the glutamate release inhibitor lamotrigine significantly reduces GBCr as well as the 
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ketamine-induced GBCr surge. Yet, it is noticeable that ketamine continued to induce a 

significant GBCr surge even following lamotrigine pretreatment, which could potentially 

explain the inability of lamotrigine 300 mg to block the antidepressant effects of ketamine in 

a previous trial (45). Future studies should investigate whether the PFC GBCr alterations at 

24h post-treatment in TRD could serve as a biomarker of target validation, while the 

ketamine-induced PFC GBCr increases during infusion may serve as biomarker of target 

engagement.

The ROI analysis showed higher vPFC GBCr in TRD compared to HC. In addition, patients 

with a history of more severe treatment failures had higher levels of vPFC GBCr. Along with 

previous reports (16, 35), the current study findings associate vPFC GBCr increases with 

TRD as defined by failure to respond to adequate trials of monoaminergic drugs and 

traditional antidepressants. Intriguingly, subjects with more prominent baseline vPFC GBCr 

abnormalities showed an enhanced response to ketamine, but poor response to placebo. 

While ketamine did not significantly reduce GBCr 24h post-treatment in the TRD group, 

ketamine significantly reduced vPFC GBCr during infusion in the healthy group. The latter 

finding is consistent with a previous report in healthy subjects receiving a comparable dose 

of ketamine, which showed ketamine-induced reduction in vPFC activity during infusion 

(42). Therefore, we interpret this vPFC finding as evidence of an association between 

ketamine-induced reduction in neurotransmission and GBCr in the vPFC. The vPFC 

findings in TRD and during ketamine infusion are of great interest to the field reflecting the 

critical role of this region in the pathophysiology of depression (12).

Comparable to our previous reports, baseline severity of depression was not associated with 

the level of GBCr abnormalities (16, 35). Our current working model of depression (46, 47), 

which accounts for the latter finding, is that MDD patients could be stratified into two 

groups: Glutamate-Based Depression (GBD) and non-GBD. Thus, while both GBD and 

non-GBD patients may report severe symptoms, we speculate that certain GBCr 

abnormalities would be most pronounced in the GBD subgroup. If this hypothesis is 

confirmed in future studies, this MDD pathophysiological heterogeneity could explain the 

lack of correlation between connectivity alterations and behavioral reports of severity.

The GBD model is based on the synaptic hypothesis of depression which proposes that 

depression and chronic stress precipitate glutamate dysregulation leading to excitotoxicity 

and neuronal atrophy in the PFC and hippocampus (48, 49). The predictions of this 

preclinical hypothesis are that MDD patients will have reduced gray matter integrity and 

altered amino acid neurotransmitters in the PFC. While a plethora of data support these 

predictions, it is overwhelmingly clear that not all MDD patients have amino acid and gray 

matter abnormalities. In fact, accumulating evidence shows that these abnormalities are most 

prominent in a subgroup of patients who often present with anhedonia and/or treatment 

refractory symptoms (50–60). Using cortical levels of amino acid neurotransmitters, we have 

recently shown that, compared to non-GBD, the GBD group has abnormally low levels of 

mPFC glutamate and gamma-aminobutyric acid (GABA), and considerable reduction in 

hippocampal volume (46). We have also shown the limitation of stratifying patients into 

GBD based on their TRD status, compared to using brain biomarkers (46). Preliminary 

findings suggested that glutamate-based antidepressants may be particularly effective in 
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patients with GBD (61, 62). More recently, we found that the non-GBD group has increased 

nucleus accumbens volume (47). In addition, ketamine treatment appeared to normalize gray 

matter abnormalities by increasing hippocampal, but reducing nucleus accumbens, volumes 

(47).

Finally, comparable to our previous study in depressed subjects (45), lamotrigine did not 

block the ketamine-induced psychotomimetic effects. This finding is in contrast to previous 

reports by our group (43) and others (42). We speculate that the larger dose of ketamine used 

in our previous study (43) may have afforded us the ability to detect the modulating effects 

of lamotrigine on the ketamine-induced psychotomimetic symptoms. Nonetheless, this 

inconsistency of the behavioral outcomes across studies further highlight the urgent need for 

robust biomarkers with high sensitivity to use as targets for drug development and 

optimization, rather than solely relying on behavioral outcomes in early exploratory phases 

of clinical trials.

The main limitation of the current study is the small number of TRD subjects who received 

ketamine and post-treatment scans. This may have affected our statistical power to detect a 

relationship between GBCr increases and improvement of depression, a finding that was 

evident in our previous cohort (16). In addition, the longitudinal GBCr assessment in Cohort 

A was constrained by the study design of the parent clinical trial, which used 2:1 

randomization and the psychotropically active midazolam. Thus, our neuroimaging data 

lacked both an appropriate non-active placebo control (i.e., saline) and statistical power (i.e., 

only 7 midazolam subjects) to determine the specificity of the findings to ketamine using a 

time-by-treatment interaction analysis. Future studies randomizing patients to ketamine vs. 

saline in a 1:1 design would be required to discern the pharmacological, course of illness, 

and other non-specific effects. Another limitation is the lack of human evidence directly 

showing blockade of ketamine-induced glutamate neurotransmission by lamotrigine. Thus, 

our interpretation is based on extensive in vitro and preclinical evidence supporting the 

inhibition of glutamate release by lamotrigine. The glutamate release inhibition is believed 

to be the result of blocking sodium channels. However, other off-site effects have been 

related to lamotrigine, including weak blockade of other channels (e.g., calcium) and 

modulation of the monoaminergic system [for further details see (63, 64)]. Therefore, it is 

plausible that the observed GBCr modulation by lamotrigine could be affected by 

mechanisms other than glutamate neurotransmission.

Conclusion

The current report builds on the exciting discovery of ketamine-induced rapid acting 

antidepressant effects and the subsequent wealth of preclinical and clinical studies over the 

past decade dissecting the neurobiology of depression and the mechanisms of ketamine (1, 

3, 4, 8, 11, 65). Capitalizing on the rapid and robust effects of ketamine, state-of-the-art 
network analyses and a pharmacoimaging design were employed to further delineate the role 

of prefrontal global dysconnectivity in the pathophysiology and treatment of depression. 

Finally, using interventional methods often implemented in basic science, the study 

attempted to provide evidence of a direct link between large scale networks and underlying 
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molecular alterations, an approach that perhaps goes beyond circumstantial associations and 

begins to probe for causality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Functional Dysconnectivity in TRD
(A) Voxel-wise comparisons of PFC GBCr showed significant reductions of GBCr in TRD, 

relative to HC, in three clusters (blue). (B) Ketamine increased GBCr 24h post-treatment in 

these clusters. The color bar depicts the z values of reduced (TRD < HC; blue) and increased 

(TRD > HC; yellow-red) GBCr. The black line delineates the PFC region. Abbreviations: 

TRD = Treatment-Resistant Depression; HC = Healthy Control; PFC = prefrontal cortex; 

GBCr = Global Brain Connectivity with global signal regression.
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Figure 2. Effects of Lamotrigine and Ketamine on Prefrontal Functional Connectivity
(A) Voxel-wise paired t-tests with family-wise-error correction revealed significant 

reductions of GBCr 2h post lamotrigine (blue) and (B) increased GBCr during ketamine 

infusion (red). The color bar depicts the z values of reduced (blue) and increased (yellow-

red) GBCr. The black line delineates the prefrontal cortex region. Abbreviations: GBCr = 

Global Brain Connectivity with global signal regression;
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Figure 3. Interaction between lamotrigine and ketamine
Lamotrigine significantly inhibited the ketamine-induced GBCr surge. Abbreviations: GBCr 

= Global Brain Connectivity with global signal regression; Plc = Placebo; Ket = ketamine; 

Lamo = lamotrigine; * p < 0.05; * p < 0.01; * p < 0.0001
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Figure 4. Prefrontal Limbic Connectivity
(A) Labels of the 4 major subnetworks within the prefrontal cortex (PFC). The ventral PFC 

(vPFC) area is colored with green. (B) TRD group had higher GBCr in the vPFC than the 

control group. (C) GBCr was numerically reduced in 7 of 10 TRD patients 24h post-

ketamine treatment, but this reduction was not statistically significant. (D) In healthy 

subjects, ketamine significantly reduced vPFC GBCr during infusion. Abbreviations: GBCr 

= Global Brain Connectivity with global signal regression; TRD = Treatment-Resistant 

Depression;
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Figure 5. Association Between Depression Treatment and Function Connectivity
(A) Correlation between ventral prefrontal cortex (vPFC) GBCr and the number of treatment 

failures as measured by the Antidepressant Treatment History Form (ATHF). (B) Correlation 

between improvement in depression severity and average baseline GBCr in the altered 

clusters. (C) The relationship between improvement in depression severity and baseline 

vPFC GBCr. Abbreviations: GBCr = Global Brain Connectivity with global signal 

regression; MADRS = Montgomery-Åsberg Depression Rating Scale; IDS = Inventory of 

Depressive Symptomatology.
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Table 1

Demographics and Clinical Characteristics

TRD
(n = 22)

HC
(n = 29)

paMean ± SEM Mean ± SEM

Age (y) 44.8 ± 2.3 44.3 ± 1.8 0.88

Female (N; %) 10 (46%) 13 (45%) 0.97

Failed antidepressant trials 5.1 ± 0.4

Age of onset (y) 23.4 ± 2.2

MADRS 32 ± 1.2

a
Independent t-test or Chi square test (significance set at p ≤ .05);

Abbreviations: MDD: Major Depressive Disorder; y: years; MADRS: Montgomery-Åsberg Depression Rating Scale; Number of treatment failures 
was determined by the Antidepressants Treatment History Form (ATHF);
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