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1     INTRODUCTION 

Major depressive disorder (MDD) is a chronic disease that affects almost 300 million 

people globally (WHO 2017). It has an impact on global health as it is a leading cause of 

disability worldwide and a major risk of suicide (Ebmeier et al. 2006). Furthermore, MDD 

causes enormous social and occupational disability and costs for society and has an 

impact on patient’s well-being (WHO 2017). Depression is characterized by complex 

structural and functional changes in cortical and limbic regions that regulate mood and 

cognition (Duman and Aghajanian 2012). Neuronal atrophy and synaptic dysfunction in 

the prefrontal cortex (PFC) and hippocampus are considered significant in the 

pathophysiology of MDD. In addition, certain energy metabolism related differences and 

dysfunctions has been observed in depressed patients (Gardner et al. 2003; Manji et al. 

2012; Zuccoli et al. 2017). Currently used treatments for MDD, including selective 

serotonin reuptake inhibitors (SSRIs), serotonin and noradrenaline reuptake inhibitors 

(SNRIs), and tricyclic antidepressants, have notable limitations. First, it can take several 

weeks or even months to achieve the therapeutic effect (Insel and Wang 2009; Hillhouse 

and Porter 2015). However, the pharmacological response as well as possible side effects 

become evident rapidly after the drug administration (Sanacora et al. 2008; Crawford et 

al. 2014). Furthermore, a significant amount (~30–46%) of the patients, remain treatment 

resistant regardless of testing several different antidepressant classes (Fava and Davidson 

1996; Insel and Wang 2009). Because the burden of mental disorders increases 

continuously worldwide, and especially since there are challenges with current 

treatments, there is a growing unmet medical need for developing new more effective and 

rapidly acting treatments (Insel and Wang 2009; WHO 2019).  

 

It was found in year 2000 that a subanesthetic dose of ketamine, a N-methyl-D-aspartate 

(NMDA) -receptor antagonist, alleviates the symptoms of depression (Berman et al. 

2000). Ketamine has produced rapid and sustained antidepressant effects in patients with 

MDD and also in patients with treatment-resistant depression (TRD) (Zarate et al. 2006; 

Hillhouse and Porter 2015). This has been a significant breakthrough in the treatment of 

depression for many decades. In particular, the activation of brain derived neurotrophic 

factor (BDNF) mediated tropomyosin receptor kinase B (TrkB) signaling has been 
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connected to rapid antidepressant effect and synaptic plasticity (Zanos and Gould 2018; 

Kadriu et al. 2019; Kalmoe et al. 2020). Phosphorylations of several downstream proteins 

that belong to the BDNF-TrkB signaling pathway have also been related to synaptic 

plasticity and rapid antidepressant response (Kohtala et al. 2018). Glycogen synthase 

kinase 3β (GSK3β) (activity reduces after inhibitory Ser9 residue phosphorylation), 

p70S6 kinase (p70S6K) and mitogen-activated protein kinase (MAPK, also known as 

ERK) have been noticed to phosphorylate after ketamine administration (Li et al. 2010; 

Kohtala et al. 2019). GSK3β is downstream of TrkB, and p70S6K is a protein downstream 

of mammalian target of rapamycin (mTOR) (Li et al. 2010; Kohtala et al. 2019). MAPK 

is also a downstream of TrkB and a marker of functional activity of central nervous 

system and could therefore be related to cortical excitation (Baraban et al. 1993). 

Ketamine induced NMDA receptor inhibition has been suggested to be related to cortical 

excitation too (Hiyoshi et al. 2014; Zanos and Goud 2018; Kohtala et al. 2019). Later on, 

it has been found that nitrous oxide (N2O), another NMDA-receptor antagonist, is also 

effective in TRD (Nagele et al. 2015). Notably, Kohtala et al. (2018) found similar 

changes related to BDNF-TrkB signaling after nitrous oxide administration in mice.  

 

Ketamine and nitrous oxide are also known to alter the energy metabolism in the brain 

based on imaging studies (Crosby et al. 1982; Davis et al. 1988; Lorenz et al. 2001; 

Kolbitsch et al. 2001; Långsjö et al. 2004). In addition, fasting and physical exercise are 

also known to change the brain energy metabolism as well as are thought to activate 

BDNF-TrkB signaling (Martin et al. 2006; Marosi and Mattson 2014; Mattson et al. 

2018). Fasting is also known to induce daily torpor in mice, which is a low-energy state 

where the metabolic rate and body temperature as well as heart and respiratory rates are 

significantly reduced (Jensen et al. 2013; Northeast et al. 2020). However, mice undergo 

torpor only after severe caloric deprivation or when the ambient temperature is low 

(Northeast et al. 2020). Furthermore, electroconvulsive therapy (ECT), a treatment used 

for TRD, apart from sleep deprivation, also change the brain energy metabolism and have 

shown similar effects in the brain compared to ketamine (Rantamäki and Kohtala 2020). 

On the other hand, BDNF-TrkB signaling is known to regulate metabolic homeostasis 

and energy balance (Nakagomi et al. 2015). Previous studies have shown a link between 

BDNF-TrkB signaling and obesity: neuronal bdnf deficient mice are obese and anxious, 
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and remarkable reduction of TrkB receptors also leads to obesity and hyperphagia (Rios 

et al. 2001; Xu et al. 2003; Nakagomi et al. 2015). 

 

Although the mechanisms behind rapid antidepressant effect are not totally clear, it seems 

that the rapid-acting treatments alter brain energy metabolism, enhance synaptic 

potentiation and plasticity, and repair the underlying neuronal atrophy and dysfunction in 

MDD (Drevets 2000; Sanacora et al. 2008; Duman et al. 2021). It has been hypothesized 

that rapid-acting antidepressant action has two phases: first cortical excitability, synaptic 

potentiation and synaptogenesis are increased (excitation phase) and this subsequently 

leads to inhibition phase that is connected to synaptic downscaling (Kohtala 2019; 

Rantamäki and Kohtala 2020). During each phase, certain signaling mechanisms related 

to BDNF-TrkB signaling are activated or inactivated which can be connected to 

simultaneous network repairing. According to the hypothesis, the excitation phase occurs 

simultaneously with acute pharmacological action and it has been connected to increased 

energy metabolism as well as phosphorylation of MAPK. The following inhibition phase 

appears when the drug is no longer present, and it is connected to decreased energy 

metabolism and increased phosphorylation of TrkB, GSK3β (at inhibitory site s9) and 

p70S6K, as well as decreased phosphorylation of MAPK. 
 

Because changes in brain energy metabolism have been connected to depression and it is 

known that rapid-acting antidepressants alter it as well, the aim of this study was to better 

understand the connection between the energy metabolic change and rapid antidepressant 

effect. First, the idea was to determine the impact of fasting and nitrous oxide 

administration on rapid antidepressant effect and synaptic plasticity related BDNF-TrkB 

signaling in mice. Based on previous literature, the signaling has been shown to activate 

after nitrous oxide administration and fasting is known to increase the production of 

BDNF (Martin et al. 2006; Nagele et al. 2015; Kohtala et al. 2018). Based on previous 

experimental results from our research group, the neurotrophic (BDNF-TrkB) signaling 

produced by brief exposure to nitrous oxide, coincides with a state of reduced glucose 

utilization and reduced electrophysiological brain activity (Alitalo et al. unpublished). 

Accordingly, the main objective in this study was to investigate whether the 

hypometabolic state produced in response to nitrous oxide is modified by restricted 
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nutrient availability. Nitrous oxide administration and fasting were combined and it was 

determined how this combination affected the BDNF-TrkB signaling. Considering the 

neuroprotective effects of fasting, it was conceivable that fasting could either protect the 

brain from the effects of nitrous oxide or, on the other hand, increase the effects of  nitrous 

oxide due to similar effects in signaling (Bruce-Keller et al. 1999; Anson et al. 2003; 

Martin et al. 2006; Mattson 2012). Because it was assumed that the energy metabolic 

change, caused by fasting or nitrous oxide, could be related to the antidepressant effect, 

the third aim was to find out how nitrous oxide administration or fasting impacts body 

temperature. Body temperature is connected to energy metabolism and reduced body 

temperature can be an indicator of lower metabolic rate (Jensen et al. 2013).  

 

2     MATERIALS AND METHODS 

2.1 Animals 

 

Adult (11-week-old at the time of the experiment, n=32) male inbred C57BL/6JRccHsd 

mice were used in the experiment (Envigo Laboratories, Venray, The Netherlands). The 

mice were housed individually in standard conditions (12-h light/dark cycle, lights on at 

6 AM, 22°C ± 1°C, RH 50%) in individually ventilated cages. Food and water were 

available ad libitum. The weight range of the mice at the beginning of the experiment was 

25,18g ± 1,91g. Animal welfare was inspected daily by trained personnel. All procedures 

were planned and performed according to the 3R principles and the number of animals 

were considered carefully avoiding additional harm but without compromising the 

validity of the study. The experiments were carried out according to the guidelines of the 

Society of Neuroscience and were approved by The County Administrative Board of 

Southern Finland (License: ESAVI/5844/2019). 

 

2.2 The experimental design, the in vivo experiment, and sample processing 

 

After arrival, the mice had a 2,5-week adaptation period to the new environment. On the 

day before the experiment, the mice were weighed and assigned to groups. The fast started 

between 12.30–2.30 PM. Food pellets were removed from the cage of animals assigned 
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to fasted groups. The fast lasted overnight for 19 ± 1 hours depending on the starting time 

of the treatment and was conducted in standard room temperature, 22°C ± 1°C. The 

experiments were conducted on the next day during the beginning of the inactive period 

of the animals at 7.30–10.15 AM. Additionally, the mice were habituated to the new 

environment for at least 30 minutes before starting the experiment, and at the beginning 

of the experiment, the animals were weighted for the second time. The baseline 

temperature of the mice was recorded for 5 minutes before treatment. A thermal image 

of the animal was captured every 30 seconds. Nitrous oxide or control gas was 

administered for 20 minutes, after which the animals were placed in a ventilated plastic 

cage in ambient temperature to recover. Thermal images were taken again during the 15-

minute recovery period as previously described. After the recovery period, the mice were 

euthanized immediately by rapid cervical dislocation followed by decapitation. No 

anesthesia was used due to its interference with the signaling cascades of interest (Kohtala 

and Rantamäki 2019). The blood glucose levels were measured right after the euthanasia 

from terminal whole blood (FreeStyle Freedom Lite device, Abbott Laboratories, 

Chicago, IL, USA). The timeline of the experiment is visualized in Figure 1. 

 

 
Figure 1. The timeline of the study.  

 

 

The experimental design of the research can be seen in Figure 2. The first group was a 

control group that was fed ad libitum and received pressurized room air. The second 

group was fed ad libitum and treated with nitrous oxide (65% N2O in O2) as an inhalation. 

The other groups received the same treatments as the first and the second group but were 

fasted for 19 ± 1 hours before treatment administration. 
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Figure 2. Experimental design of the study. After the adaptation period, the mice were 
randomly assigned to four groups (n=8). There were four groups in the study: control 
(CTRL), nitrous oxide (N2O), fasted control (F-CTRL) and fasted nitrous oxide (F-N2O).  
 

 

At the end of the experiment the brain samples were collected for further analyses. 

Bilateral medial prefrontal cortices (mPFC) were dissected on ice and rapidly frozen 

using an aluminum block on dry ice. The samples were then collected into frozen 

Eppendorf Tubes and stored at -80°C prior to protein analyses (Wager-Miller et al. 2020). 

To homogenize the brain samples, a lysis buffer was prepared (3M Tris-HCl, pH 8.0, 5M 

NaCl-solution, 0.5M NaF-solution, NP-40, Glycerol, MilliQ-water). Protease and 

phosphatase inhibitors (Roche, Basel, Switzerland) were added  to the buffer according 

to the manufacturer’s instructions. Samples were homogenized by ultrasonication 

(Sonicator, Rinco Ultrasonics AG, Romanshorn, Switzerland), incubated on ice for 15 

minutes, and centrifugated (16100g, 15min, +4°C) (Heraeus Fresco 17 centrifuge, 

Thermo Fisher Scientific, Waltam, MA, USA). Supernatants were collected into new 

tubes and centrifugated again as before. The resulting supernatants were collected. Total 

protein measurement was performed to sample lysates to determine the total protein 

concentration of the samples (DC Protein Assay, Bio-Rad Laboratories, Hercules, CA, 

USA). The samples were stored at -80°C until further analyses.  

 

2.3 Pharmacological treatments 

 

Nitrous oxide (Niontix 100% N2O, Linde Healthcare, Guildford, UK) was administered 

in 65% concentration mixed with medical grade oxygen (Conoxia 100% O2, Linde 

Healthcare, Guildford, UK). Control animals received pressurized air. Gases were 

administered inside airtight induction chambers (14,2 x 11,1 x 9,1cm) made of translucent 

plastic. The gas was administered for 20 minutes at a flow rate of 10 l/min. 
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2.4 Thermal imaging 

 

Thermal images were acquired using a FLIR P640 thermal camera system, which has a 

reported temperature range from -40 to +500°C, and a reading accuracy of ± 2°C or ± 

2%. The camera had a lens with an optical angle of 45° and was positioned directly 

perpendicular to the imaged plane. Thermal data was acquired at a rate of one image every 

30 seconds, before (baseline for 3 minutes) and after the gas administration (recovery for 

14 minutes). 

 

Images were analyzed using either FLIR Tools software (version 6.4.18039.1003), where 

highest radiometric pixel temperature was manually acquired for each rodent cage/image 

using the rectangle tool, or ThermaCAM Researcher Pro (version 2.10), where the 

rectangle tool was used to automatically acquire the highest pixel temperatures for each 

rodent cage/image. 

 

2.5 Western blotting 

 

Sample volumes corresponding to 40 µg of protein were mixed with equal amount of 2x 

Laemmli sample buffer and denatured in 100°C for 3 minutes (Heat Block, Thermo 

Fisher Scientific, Waltam, MA, USA). Next, the samples and protein standard (BioRad 

Precision Plus Protein Dual Color Standard, Hercules, CA, USA) were loaded to sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE, 4–12% Bis-Tris, 

NuPage, Thermo Fisher Scientific, Waltam, MA, USA) and separated by gel 

electrophoresis (180V, 1 hour). The separated proteins were transferred to a 

polyvinylidene difluoride (PVDF) membrane activated in 100% methanol. The transfer 

was done on ice for 1 hour (300 mA). After transferring, the membrane was rinsed in 

TBS (tris-buffered saline) for 5 minutes and blocked with 3% bovine serum albumin 

(BSA) in TBS-T (TBS with 0,1% Tween) on a rocker at room temperature for 1 hour. 

Subsequently, membranes were incubated with a primary antibody on a rocker in a 

refrigerator (4 ± 1°C) overnight (approximately 16 hours). The primary antibodies were 

the following: anti-p-TrkBY816 (#4168S, 1:1000, Cell Signaling Technology (CST, 
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Danvers, MA, USA)), anti-p-GSK3β (#5558S, 1:1000, CST), anti-p-p70S6KT421/424 

(#9204S, 1:1000, CST), anti-p44/42-MAPKT202/Y204 (#9106S, 1:1000, CST), anti-p-

MAP2T1620/1623 (#4544S, 1:1000, CST), anti-TrkB (#4603S, 1:1000, CST), anti-GSK3βS9 

(#9315S, 1:1000, CST), anti-p70S6K (#2708S, 1:1000, CST), anti-MAPK (#9102S, 

1:1000, CST), anti-MAP2 (#4542S, 1:1000, CST), and anti-glyceraldehyde 3-phosphate 

dehydrogenase (anti-GAPDH) (#2118S, 1:1000, CST)). The following day, the 

membranes were washed thoroughly with TBST, changing the washing solution for three 

times every 15 minutes. Membranes were incubated with a horseradish peroxidase (HRP) 

-coupled secondary antibody (either Goat anti-Rabbit (GAR) or Goat anti-Mouse (GAM), 

BioRad Secondary Antibody, Hercules, CA, USA), diluted 1:10000 in 6% non-fat dry 

milk (NFDM) in TBST on a rocker in room temperature for 1 hour. TBST washing was 

repeated. Afterwards, the secondary antibodies were viewed using enhanced 

chemiluminescence (PierceTM ECL Plus Western Blotting Substrate, Thermo Fisher 

Scientific, Waltam, MA, USA) for detection (Bio-Rad ChemiDoc Imaging System, 

Hercules, CA, USA). Acquired blots were quantified using ImageJ software (National 

Institutes of Health, Bethesda, MD, USA). Detected phosphorylated proteins were 

normalized to signals of both total protein and GAPDH, a commonly used loading control 

(Taylor and Posch 2014). 

 

2.6 Enzyme-linked immunosorbent assay (ELISA) 

 

The concentration of BDNF protein was quantified by using an enzyme-linked 

immunosorbent assay. BDNF was measured from the brain lysates from medial prefrontal 

cortices. Pre-made ELISA kit (DuoSet, Human/Mouse BDNF, DY248, R&D Systems, 

Minneapolis, MN, USA) combined with ELISA reagent kit (DuoSet ELISA Ancillary 

Reagent Kit2, DY008, R&D Systems, Minneapolis, MN, USA) was used. The plate was 

coated with capture antibody, incubated overnight and blocked for 1 hour before adding 

the samples. The samples were first treated with hydrochloric acid (HCl) (pH adjusted to 

2–3) and then with sodium hydroxide (NaOH) (pH adjusted to 7–8), which was conducted 

on a separate plate. The samples were added to the wells as duplicates and incubated for 

2 hours. Next, samples were incubated in secondary antibody (detection antibody) for 1 

hour, followed by addition of tertiary antibody and Streptavidin-HRP solution. The plate 
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was protected from light and incubated for 20 minutes. Lastly, a color reagent mix was 

added to the wells, and the incubation was continued in the dark for another 20 minutes. 

Stop solution was used to end the reaction and the plate was read at 450 nm (BioTek 

ELX800 Microplate reader, Winooski, VT, USA). The BDNF concentrations were 

calculated and compared to the concentrations in the control group. 

 

2.7 Statistical analyses 

 

Data analysis was performed using Microsoft Excel and GraphPad Prism (Prism 9, 

GraphPad Software, LLC, San Diego, CA, USA). Both parametric and non-parametric 

tests were used depending on the Gaussian distribution of the data. If the data was not 

considered normally distributed or the sample size was relatively small, a non-parametric 

test was preferred. A simple linear regression model was also used to test the dependency 

between the body temperature and signal intensity of various phosphoproteins from the 

brain samples (Supplementary Material). The results are presented as means ± standard 

error of the mean (S.E.M.). P value ≤ 0.05 was considered statistically significant, 

presented as *, P value ≤ 0.01 is presented as **, P value ≤ 0.001 presented as ***, and 

P value ≤ 0.0001 presented as ****. More details about the statistical analyses are 

included in Supplementary Material.  

 

3   RESULTS 

3.1 Fasting reduced the body weight and decreased the blood glucose levels  

 

Fasting reduced the body weight with statistical significance when compared to the 

weight before the fast (average reduction -1.63g ± 1.36g) (Figure 3A). The blood glucose 

level was reduced in both groups that had the overnight fast (F-CTRL and F-N2O) (Figure 

3B). However, there was a statistical significance only between fasting nitrous oxide 

group and control group. There was not a statistical significance in the blood glucose 

levels between the control and nitrous oxide groups (CTRL and N2O).  
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Figure 3. 19 ± 1-hour fast significantly reduced the body weight and blood glucose levels 
of mice. A: Change in body weight in adult mice after fasting. The body weight dropped 
significantly compared to the weight before fasting. B: Terminal blood glucose 
concentrations are shown in each group compared to the control group. The blood glucose 
level was lower in fasted groups as expected, however, there was a statistical significance 
only between the control and F-N2O groups. Unpaired t-test (A) and one-way ANOVA 
between groups followed by Dunnett’s multiple comparisons test (B) were performed for 
statistical analyses. Results are presented as means ± S.E.M. P value ≤ 0.05 was 
considered statistically significant, presented as *, P value ≤ 0.01 is presented as **, P 
value ≤ 0.001 presented as ***. More details about the statistical analyses and sample 
sizes are included in Supplementary Material. 
 
 

3.2 Impact of fasting on antidepressant associated molecular targets  

 

To determine whether the fast affected the antidepressant associated molecular targets 

(TrkB, GSK3β, p70S6K and MAPK), fasted control (F-CTRL) and control (CTRL) 

groups were compared. Signal intensities of all phosphoproteins were similar in both 

groups (Figure 4). The results show that the 19 ± 1-hour fast does not affect 

phosphorylations in pathways associated with antidepressant drugs. There was not a 

statistical significance in signaling between these groups when normalized to total 

proteins. The results normalized to GAPDH are included in Supplementary Material. 
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Figure 4. Impact of fasting on phosphorylations of TrkBY816 (A), GSK3βS9 (B), 
p70S6KT421/424 (C), and MAPKT202/Y204 (D) in the medial prefrontal cortex of the adult 
mouse, normalized to total proteins. There was not a statistical significance in any of the 
differences in researched protein phosphorylations. Representative images and 
approximate molecular weights for the bands are also presented. Mann Whitney U tests 
were performed for statistical analyses. Results are presented as means ± S.E.M. P value 
≤ 0.05 was considered statistically significant. More details about the statistical analyses 
and sample sizes are included in Supplementary Material.  
 

 

3.3 TrkB signaling was increased after nitrous oxide administration in the group treated 

with nitrous oxide combined with prior fasting  

 

Secondly, nitrous oxide- and control groups (N2O and CTRL) as well as a combination 

of fasting and nitrous oxide and the fasted control group (F-N2O and F-CTRL) were 

compared. The aim was to see how nitrous oxide alone or in combination with prior 
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fasting affects the signaling. As presented in Figure 5, TrkBY816 phosphorylation was 

induced in the medial prefrontal cortex of the mouse only in the combination group, 

where nitrous oxide was administered after the overnight fast. However, there was a 

statistical significance only when the results were normalized to GAPDH.  

 

 

 
Figure 5. Phosphorylation of TrkBY816 after nitrous oxide administration (N2O) (A and 
B) and nitrous oxide administration combined with prior fasting (F-N2O) (C and D) in 
the medial prefrontal cortex of the adult mouse. The results are normalized to total 
proteins and GAPDH. There was a statistical significance only in the group treated with 
nitrous oxide combined with prior fasting and when the results were normalized to 
GAPDH. Representative images and approximate molecular weights for the bands are 
also presented. Mann Whitney U tests were performed for statistical analyses. Results are 
presented as means ± S.E.M. P value ≤ 0.05 was considered statistically significant, 
presented as *, P value ≤ 0.01 is presented as **. More details about the statistical analyses 
and sample sizes are included in Supplementary Material. 
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3.4 GSK3β signaling was not significantly increased after nitrous oxide administration 

in either of the groups  

 

Phosphorylation of GSK3βS9 in both of the groups seem to have increased slightly when 

compared to the control groups, however, despite the expectations, there was not a 

statistical significance in the results in either of the groups (Figure 6). The signals from 

phosphorylated proteins were normalized to signals from total proteins and the signals 

from GAPDH. 
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Figure 6. Phosphorylation of GSK3βS9 after nitrous oxide administration (N2O) (A and 
B) and nitrous oxide administration combined with prior fasting (F-N2O) (C and D) in 
the medial prefrontal cortex of the adult mouse. There was not a statistical significance 
in any of the results. The results are normalized to total proteins and GAPDH. 
Representative images and approximate molecular weights for the bands are also 
presented. Mann Whitney U tests were performed for statistical analyses. Results are 
presented as means ± S.E.M. P value ≤ 0.05 was considered statistically significant. More 
details about the statistical analyses and sample sizes are included in Supplementary 
Material. 
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group that was fasted and treated with N2O, however, the result was statistically 

significant only when normalized to GAPDH.  

 

 

 
Figure 7. Phosphorylation of p70S6KT421/424 after nitrous oxide administration (N2O) (A 
and B) and nitrous oxide administration combined with prior fasting (F-N2O) (C and D) 
in the medial prefrontal cortex of the adult mouse. There was a statistical significance in 
the results in all of the groups except F-N2O group when normalized to total proteins. The 
results are normalized to total proteins and GAPDH. Representative images and 
approximate molecular weights for the bands are also presented. Mann Whitney U tests 
were performed for statistical analyses. Results are presented as means ± S.E.M. P value 
≤ 0.05 was considered statistically significant, presented as *. More details about the 
statistical analyses and sample sizes are included in Supplementary Material. 
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3.6 MAPK signaling was decreased after nitrous oxide administration, but only in the 

group without the fast 

 

The phosphorylation of MAPKT202/Y204 was significantly reduced in the group with 

nitrous oxide administration as expected (Figure 8). It seems that there was a small 

reduction in the other group (F-N2O) as well, but this reduction was not statistically 

significant. Within these results, there were also small differences depending on the 

normalization. 
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Figure 8. Phosphorylation of MAPKT202/Y204 after nitrous oxide administration (N2O) (A 
and B) and nitrous oxide administration combined with prior fasting (F-N2O) (C and D) 
in the medial prefrontal cortex of the adult mouse. The results are normalized to total 
proteins and GAPDH. There was a statistical significance in the results only in the group 
that received nitrous oxide without the fast (N2O). Representative images and 
approximate molecular weights for the bands are also presented. Mann Whitney U tests 
were performed for statistical analyses. Results are presented as means ± S.E.M. P value 
≤ 0.05 was considered statistically significant, presented as *, P value ≤ 0.01 is presented 
as **. More details about the statistical analyses and sample sizes are included in 
Supplementary Material. 
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cytoskeleton and involved in neurogenesis and neuronal shape stabilizing through 

microtubule assembly (Sánchez et al. 2000). Therefore, it could indicate synaptic 

plasticity as well. When analyzing the results considering MAP2, significantly increased 

MAP2T1620/1623 phosphorylation was found in the medial prefrontal cortex of mice in both 

groups treated with nitrous oxide (N2O and F-N2O) (Figure 9). The results are similar 

when normalized to total protein or GAPDH and the results also support the hypothesis 

in this research, making MAP2 a robust marker for the state. However, the fast alone did 

not have an effect on MAP2T1620/1623 phosphorylation.  
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Figure 9. Phosphorylation of MAP2T1620/1623 after nitrous oxide administration (N2O) (A 
and B), nitrous oxide administration combined with prior fasting (F-N2O) (C and D), and 
after fasting (E and F) in the medial prefrontal cortex of the adult mouse. The results are 
normalized to total proteins and GAPDH. There was a statistical significance in the results 
in both of the groups that received nitrous oxide (N2O and F-N2O) regardless of the fast. 
However, the fast alone (F-CTRL) did not have an effect on MAP2T1620/1623 

phosphorylation. Representative images and approximate molecular weights for the 
bands are also presented. Mann Whitney U tests were performed for statistical analyses. 
Results are presented as means ± S.E.M. P value ≤ 0.05 was considered statistically 
significant, presented as *, P value ≤ 0.01 is presented as **, P value ≤ 0.001 is presented 
as ***. More details about the statistical analyses and sample sizes are included in 
Supplementary Material. 
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3.8 Neither nitrous oxide nor fasting affected BDNF levels  

 

BDNF levels were quantified between all study groups (CTRL, N2O, F-CTRL, F-N2O) 

using ELISA assay and the concentrations were calculated using the standard curve. 

There were not any statistically significant differences in BDNF concentrations between 

the groups (Figure 10). The variance was determined from the duplicate samples and if it 

was more than 10%, it was considered an outlier and omitted from the results. 

 

 
Figure 10. BDNF levels in the medial prefrontal cortex of the adult mouse in all treatment 
groups (CTRL, N2O, F-CTRL, F-N2O). All groups were compared to the control group. 
There were not any statistically significant differences between the groups. Standard 
curve that was used to calculate the BDNF concentrations is included in Supplementary 
Material. Kruskal Wallis H test followed by Dunnett’s multiple comparisons test was 
performed for statistical analysis. Results are presented as means ± S.E.M. P value ≤ 0.05 
was considered statistically significant, presented as *. More details about the statistical 
analyses and sample sizes are included in Supplementary Material. 
 

 

3.9 Nitrous oxide administration significantly reduced the body temperature of mice  

 

The body temperature was measured before and after the gas administration using a 

thermal camera. Nitrous oxide led to significant decrease in body temperature by the end 

of the recovery period (N2O and F-N2O groups) (Figure 11). This effect was found to be 

more prominent in the group without the fast (N2O) as the average drop in temperature 
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was -2.09°C ± 0.66°C. In fasted animals (F-N2O), temperature fell -1.16°C ± 1.24°C 

respectively. Based on qualitative results, it seems that the temperature dropped the most 

in peripheral regions of the body. Furthermore, thermal imaging demonstrated 

considerable increase in the temperature of the necks of the fasted mice, where brown 

adipose tissue is located. Activation of brown adipose tissue could conceivably indicate 

altered thermogenesis in fasted animals. According to the results, fasting did not change 

the body temperature. 

 

 
Figure 11. The change in the body temperature was determined comparing the baseline 
data to the body temperature at the end of the recovery period, and the changes in every 
group were then compared to the control group. A: The body temperature of mice that 
had nitrous oxide treatment (N2O and F-N2O) was significantly lower than the body 
temperature of mice that received control gas (CTRL and F-CTRL). The differences were 
statistically significant between N2O and CTRL groups as well as between F-N2O and 
CTRL groups. The difference was clearer in the N2O group. B: Representative images 
from the thermal camera. The body temperatures were similar before and after the 
treatment in all groups. However, by the end of the 15-minute recovery period, the body 
temperatures had fallen several degrees in mice that had received nitrous oxide (N2O and 
F-N2O groups). A graph showing how the body temperature changed in all study groups 
during the thermal imaging is included in Supplementary Material. One-way ANOVA 
between groups followed by Dunnett’s multiple comparisons test was performed for 
statistical analysis. Results are presented as means ± S.E.M. P value ≤ 0.05 was 
considered statistically significant, presented as *, P value ≤ 0.01 is presented as **, P 
value ≤ 0.001 presented as ***. More details about the statistical analyses and sample 
sizes are included in Supplementary Material. 
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4    DISCUSSION  

The aim of this study was to determine how fasting and nitrous oxide alone and in 

combination affect the rapid antidepressant effect and synaptic plasticity related BDNF-

TrkB signaling. Another aim was to determine how the body temperature changes after 

these treatments as a marker of metabolic rate. Contrary to the hypothesis, the fasting 

protocol used in this study did not activate the studied signaling pathway. Nevertheless, 

nitrous oxide administration seemed to, at least partly, activate the studied signaling after 

the administration. The results from the combination group (F-N2O) were similar 

compared to nitrous oxide group (N2O). Altogether, the results concerning nitrous oxide 

are promising and consistent with previous research indicating that nitrous oxide could 

be used to understand the mechanisms behind the rapid antidepressant effect and possibly 

used as one option to treat depression in the future (Kohtala 2019). Another interesting 

finding in this study was that phosphorylation of MAP2T1620/1623 was significantly 

increased by nitrous oxide in all groups. These findings support the previous observation 

that nitrous oxide administration can be related to induced synaptic plasticity and 

therefore have antidepressant associated effects.  

 

Although the fasting in this study caused significant reduction in the body weight and 

decreased the blood glucose levels of mice especially in the F-N2O group, the fasting did 

not affect any of the studied protein phosphorylations associated with rapid antidepressant 

response. However, the protocols of fasting in previous studies vary widely. Some of the 

research has been conducted using caloric restriction for varying time periods while 

others have used complete deprivation or reduction of ambient temperature (Oelkrug et 

al. 2011; Lo Martire et al. 2018; Hitrec et al. 2019). However, the objective of these 

studies has been induction of torpor which was not the aim of this research. In the current 

study the main idea was to research the interaction of fasting and nitrous oxide. The 

finding that the fasting protocol used in this experiment did not change the body 

temperature either, indicates that the mice were not in torpor. It is conceivable that the 

studied signaling cascades would have been induced only if the mice had entered torpor. 

Nevertheless, it has been previously shown that fasting, at least intermittent fasting and 

caloric restriction, increase the production of BDNF, activating TrkB receptors and 

subsequent downstream signaling (Lee et al. 2002; Martin et al. 2006). Therefore, it is 
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possible that the results in this study could have been affected by different fasting 

protocol. Considering these findings, it is plausible that periodical fasting or caloric 

restriction would have more prominent effect on BDNF release and signaling instead of 

complete food deprivation. Indeed, it has been noticed that intermittent fasting and caloric 

restriction can have different effects on neurons in the brain (Anson et al. 2003). The fast 

in this study did not change the studied signaling or body temperature even though it 

remarkably reduced the body weight and blood glucose concentration. There are most 

likely many compensatory mechanisms in the body that protect the brain and other vital 

functions so that a single period of fasting does not excessively disrupt the homeostasis. 

In addition, TrkB receptor has several different downstream cascades that are activated 

depending on the phosphorylation site of the receptor. The TrkBY816 phosphorylation site 

that was detected in this study is only one of the multiple residues and its activation does 

not necessarily represent the activation of the whole receptor (Boltaev et al. 2017).  

 

According to the hypothesis of two phases of rapid-acting antidepressant action, during 

the excitation phase cortical electrophysiological activity and phosphorylation of 

MAPKT202/Y204 are increased (Kohtala 2019). Subsequent inhibition phase, on the other 

hand, has been associated with decreased energy metabolism and increased 

phosphorylation of TrkBY816, GSK3βS9 (at inhibitory site s9) and p70S6KT421/424 as well 

as decreased phosphorylation of MAPKT202/Y204 (Li et al. 2010; Kohtala 2019; Alitalo et 

al. unpublished). A 15-minute recovery period after nitrous oxide administration has been 

previously shown to induce neurotrophic signaling related to the inhibition phase 

(Kohtala 2019). In this research, phosphorylation of p70S6KT421/424 was significantly 

increased and phosphorylation of MAPKT202/Y204 was significantly decreased after nitrous 

oxide administration in most of the groups. In addition, phosphorylation of TrkBY816 was 

significantly increased in one of the groups treated with nitrous oxide. One possible 

reason for unaffected signaling in the other group (N2O group) could be a general 

difficulty to successfully detect the protein using western blot due to low abundance of 

target protein. However, other methods for sample preparation could have been used, 

such as lectin precipitation or immunoprecipitation. Overall, it seems that the results of 

this study concerning the signaling after nitrous oxide administration (with or without 

fasting) in part resembles previous findings regarding rapid-acting antidepressant related 
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signaling. The signaling is induced 15 minutes after the cessation of the gas 

administration. Intriguingly, pMAP2T1620/1623 was the most prominent marker affected by 

nitrous oxide as its phosphorylation was increased in all groups treated with nitrous oxide. 

MAP2 phosphorylation could possibly indicate neurogenesis and synaptic plasticity 

(Sánchez et al. 2000). Nevertheless, one limitation in this study was that the results were 

slightly different depending on whether they were normalized to the amount of total 

proteins or GAPDH. There are several possible reasons for that, including that western 

blot as a method is semi-quantitative at best and could have been affected by factors such 

as the possibility of poor-quality antibodies, nonspecific binding, improper imaging 

conditions, and detection of the target protein after too many strippings. High variation 

between the samples can also explain the differences and one reason for that can be that 

the experiment was conducted during two consecutive days.   

 

The finding that the results after nitrous oxide administration alone (CTRL and N2O 

groups compared) and fasting and nitrous oxide combined (F-CTRL and F-N2O 

compared) were similar, suggests that the fast did not have any protective or additive 

effects on the BDNF-TrkB signaling. As the fasting protocol used in this experiment did 

not affect the signaling (F-CTRL and CTRL compared), it also suggests that the increased 

phosphorylation of TrkBY816, p70S6KT421/424 and pMAP2T1620/1623 after fasting combined 

with nitrous oxide administration were conceivably caused by nitrous oxide alone. 

However, these comparisons were conducted in separate western blot gels/membranes, 

which does not allow for direct comparison of these groups.  

 

A fascinating finding related to metabolic regulation was that nitrous oxide significantly 

reduced the body temperature of the mice. This finding is in accordance with previous 

studies and it indicates low metabolic rate (Quock et al. 1987; Ramsay et al. 2011). Based 

on these results it seems that energy metabolism could be related to rapid antidepressant 

effect. It also supports the observations that all different rapid-acting treatments alter the 

brain energy metabolism and link nitrous oxide in a novel way to other energy 

metabolism-affecting treatments, such as fasting and physical exercise. A low metabolic 

state, which includes reduction of body temperature and activity, has also been connected 

to deep sleep and hibernation, both of which involve replenishing and conserving of 
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energy storage (Alitalo et al. unpublished). However, we discovered that the reduction in 

body temperature of the mice subjected to both nitrous oxide and overnight fast (F-N2O), 

did not seem to reduce that much in comparison to the group with nitrous oxide 

administration only (N2O). While it is possible that the fasting protected the animals from 

the temperature reduction, the result was not statistically significant. Concerning the 

representative image from the thermal camera, the temperature reduction seems to be the 

most significant in the peripheral parts of the body. This is one advantage of thermal 

camera imaging because it wouldn’t be possible to detect this using a thermometer. 

According to the results, the temperature of the necks of the mice that had the fast was 

observed to be increased after the treatment. That warm area in the neck of the mice likely 

represents brown adipose tissue that is associated with physiological regulation of 

temperature and survival during prolonged fasting (Cannon and Nedergaard 2004). In 

addition, the findings in this study suggest for the possibility that the used fasting protocol 

also had minor effects on the regulation of body temperature. 

 

Although some successful results were found in this study, there are also some 

limitations. The mice in this research were all males which is a subject for critique. In this 

study male animals were used in order to minimize the number of animals according to 

the 3R principle (Jerrold and Taylor 2015). Furthermore, the use of male animals enables 

more robust comparison to previous literature. Nevertheless, excluding female animals in 

preclinical research is a general issue in experimental design (Miller et al. 2017). 

Furthermore, all the experiments were conducted, and the results analyzed only once, not 

allowing definitive conclusions to be made.  

 

5   CONCLUSIONS 

Further research of rapid-acting antidepressants and their neurobiological mechanisms 

are essential. It is necessary to study what the shared mechanisms behind all different 

rapid-acting treatments are, and discover the connection between antidepressant response 

and the energy metabolic change caused by these treatments. The development of rapid-

acting antidepressants is crucial especially for patients with TRD or high risk of suicide. 

When the underlying mechanisms are discovered, it enables further development of 
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rapid-acting antidepressants, solving current challenges and filling the unmet medical 

need in the treatment of depression.  
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          SUPPLEMENTARY MATERIAL: HOW NITROUS OXIDE, FASTING, AND THEIR         
          COMBINATION REGULATE BRAIN TrkB SIGNALING IN MICE 
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Supplementary Table 1. Statistical analyses and sample sizes 
 

Figure Sample size Statistical test Significance 
Figure 3 

A) Body weight 

B) Blood glucose 

      CTRL, N2O 

      CTRL, F-CTRL 

      CTRL, F-N2O  

 

n=32 

n=8/group 

 

 

 

Unpaired t-test 

One-way ANOVA, 

Dunnett’s multiple 

comparisons post hoc test 

 

*** 

 

ns 

ns 

** 

 

A) t(30)=4.957, p = 0.0002 

B) F(3, 28)=6.506, p = 0.0018 

p = 0.0018 

p = 0.9994 

p = 0.0613 

p = 0.0039 

Figure 4 

A) TrkBY816 

B) GSK3βS9 

C) p70S6KT421/424 

D) MAPKT202/Y204 

 

n=7/group 

n=7/group 

n=7/group 

n=7/group 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

ns 

ns 

ns 

ns 

 

p = 0.6200 

p = 0.9015 

p = >0.9999 

p =  >0.9999 

Figure 5 

A) TrkBY816 

B) TrkBY816 

C) TrkBY816 

D) TrkBY816 

 

n=7/group 

n=7/group 

n=7/group 

n=7/group 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

ns 

ns 

ns 

** 

 

p = 0.0728 

p = 0.0973 

p = 0.0728 

p = 0.0070 

Figure 6 

A) GSK3βS9 

B) GSK3βS9 

C) GSK3βS9 

D) GSK3βS9 

 

n=7/group 

n=7/group 

n=7/group 

n=7/group 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

ns 

ns 

ns 

ns 

 

p = 0.1282 

p = 0.1282 

p = 0.5350 

p = 0.2086 

Figure 7 

A) p70S6KT421/424 

B) p70S6KT421/424 

C) p70S6KT421/424 

D) p70S6KT421/424 

 

n=7/group 

n=7/group 

n=7/group 

n=7/group 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

* 

* 

ns 

* 

 

p = 0.0111 

p = 0.0262 

p = 0.0530 

p = 0.0175 

Figure 8 

A) MAPKT202/Y204 

B) MAPKT202/Y204 

C) MAPKT202/Y204 

D) MAPKT202/Y204 

 

n=7/group 

n=7/group 

n=7/group 

n=7/group 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

** 

* 

ns 

ns 

 

p = 0.0041 

p = 0.0111 

p = 0.1282 

p = 0.1649 

Figure 9 

A) MAP2T1620/1623 

B) MAP2T1620/1623 

C) MAP2T1620/1623 

D) MAP2T1620/1623 

 

n=7/group 

n=7/group 

n=7/group 

n=7/group 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

** 

** 

*** 

*** 

 

p = 0.0023 

p = 0.0041 

p = 0.0006 

p = 0.0006 



E) MAP2T1620/1623  

F) MAP2T1620/1623 

n=7/group 

n=7/group 

Mann Whitney U test 

Mann Whitney U test 

ns 

ns 

p = 0.4557 

p = 0.8048 

Figure 10 BDNF 

      CTRL, N2O 

      CTRL, F-CTRL 

      CTRL, F- N2O 

n(CTRL)=8  

n(N2O)=8 

n(F-CTRL)=8 

n(F-N2O)=7 

Kruskal Wallis H test, 

Dunnett’s multiple 

comparisons test 

ns 

ns 

ns 

ns 

H(3) = 0.9226 , p = 0.8200 

p = >0.9999 

p = >0.9999 

p = >0.9999 

Figure 11 A, Body 

temperature 

      CTRL, N2O 

      CTRL, F-CTRL 

      CTRL, F- N2O 

 

n(CTRL)=5,  

n(N2O)=5 

n(F-CTRL)=4 

n(F-N2O)=4 

 

One-way ANOVA, 

Dunnett’s multiple 

comparisons test 

 

*** 

*** 

ns 

* 

 

F(3, 14) = 13.01, p = 0.0002 

p = 0.0006 

p = 0.9653 

p = 0.0106 

Supplementary Figure 1. 

A) TrkBY816 

B) GSK3βS9 

C) p70S6KT421/424 

D) MAPKT202/Y204 

 

n=7 

n=7 

n=7 

n=7 

 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

Mann Whitney U test 

 

ns 

ns 

ns 

ns 

 

p = 0.7104 

p = 0.8048 

p = >0.9999 

p = >0.9999 

Supplementary Figure 4. 

A) MAP2T1620/1623 

 

B) p70S6KT421/424 

 

C) MAPKT202/Y204 

 

D) TrkBY816 

 

E) GSK3βS9 

 

n=10/group 

 

n=10/group 

 

n=10/group 

 

n=10/group 

 

n=10/group 

 

Simple Linear regression 

analysis 

 

* 

 

ns 

 

ns 

 

ns 

 

ns 

 

F(1, 8)=8.249, p=0.0208, 

R2=0.5077 

F(1, 8)=2.629, p=0.1436,  

R2 =0.2473 

F(1, 8)=1.147, p=0.3153,  

R2 =0.1254 

F(1, 8)=0.9082, p=0.3685, 

R2 =0.1020 

F(1, 8)=0.8638, p=0.3799,  

R2 =0.09745 

 
 
 
 
 
 
  
 



 
 
Supplementary Figure 1. Phosphorylations of TrkBY816 (A), GSK3βS9 (B), p70S6KT421/424 (C), and 
MAPKT202/Y204 (D) in the adult mouse medial prefrontal cortex normalized to GAPDH. None of the 
differences in researched protein phosphorylations were statistically significant. Representative 
images and approximate molecular weights for the bands are also presented. Mann Whitney U tests 
were performed for statistical analyses. Results are presented as means ± S.E.M. P value ≤ 0.05 was 
considered statistically significant. More details about the statistical analyses and sample sizes see 
Supplementary Table 1. 
 

 
 

Supplementary Figure 2. Standard curve that was used to calculate the BDNF concentrations. The 
results are from one experiment. The samples can be seen as red marks on the curve. 
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Supplementary Figure 3. The graph shows how the body temperature changed in all study groups 
during the thermal imaging. The baseline temperature was measured before the gas administration 
(for 3 minutes) and again after the nitrous oxide or control gas administration (for 14 minutes) during 
the recovery period. One image was taken every 30 seconds. The lines shown are the mean values in 
each group. Graph made by Okko Alitalo. 
 



 
Supplementary Figure 4. Correlation between the body temperature at the time of termination and 
phosphorylations of investigated proteins: MAP2T1620/1623 (A), p70S6KT421/424 (B), MAPKT202/Y204 
(C), TrkBY816 (D), and GSK3βS9 (E). Correlation was analyzed using a simple linear regression model 
and it was studied in groups without the fast (CTRL and N2O). The hypothesis was that the lower the 
body temperature, the higher the signaling concerning TrkBY816, MAP2T1620/1623, p70S6KT421/424 or 
GSK3βS9, and the opposite concerning MAPKT202/Y204 signaling. It was found that decreased body 
temperature after nitrous oxide administration significantly correlated with MAP2 signaling 
(p=0.0208, *, R2=0.5077). The lower the body temperature, the higher the signaling of 
phosphorylated MAP2. The rest of the targets showed similar trend, but failed to reach statistical 
significance. However, it should be noted that the current sample size was relatively small (n=10) in 
these analyses so further conclusions cannot be made. R-squared (R2), the coefficient of 
determination, is presented in every image. P value ≤ 0.05 was considered statistically significant, 
presented as *. More details about the statistical analyses and sample sizes see Supplementary Table1.  
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Full Blot Images 
 
 
Membrane 1: N2O/CTRL, PFC 
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1 INTRODUCTION 

 

 

Major depressive disorder (MDD) is a chronic disease that affects almost 300 million 

people globally (WHO 2017). It is also a leading cause of disability worldwide and a 

major risk of suicide (Ebmeier et al. 2006). Furthermore, MDD causes enormous social 

and occupational disability and costs for society and has an impact on global health as 

well as patient’s well-being (WHO 2017). MDD is most prevalent in early adult life and 

its occurrence is twice as common among women compared to men (Ebmeier et al. 2006). 

The symptoms vary, but the most common symptoms are depressed mood, anhedonia, 

loss of energy and cognitive dysfunction. MDD is a heterogenic disease and its 

pathophysiology and neurobiology are not fully understood. However, genetic factors are 

important in the etiology of MDD. There are underlying complex structural and 

functional changes in cortical and limbic regions that regulate mood and cognition 

(Duman and Aghajanian 2012). Neuronal atrophy and synaptic dysfunction in the 

prefrontal cortex (PFC) and hippocampus are considered significant in the 

pathophysiology of MDD.  

 

Because the burden of mental disorders increase continuously worldwide, and especially 

since current treatments for MDD have challenges and limitations, there is a growing 

unmet medical need for developing new and more effective treatment alternatives (WHO 

2019; Insel and Wang 2009). The most common, currently used treatments for MDD 

include selective serotonin reuptake inhibitors (SSRIs), serotonin and noradrenaline 

reuptake inhibitors (SNRIs), and tricyclic antidepressants. These drugs acutely increase 

the amount of synaptic monoamine neurotransmitters serotonin and/or noradrenaline or 

dopamine in the synaptic cleft leading to activation of postsynaptic monoamine receptors 

(Hillhouse and Porter 2015). The monoamine deficiency hypothesis has indeed been the 

major assumption for many decades to explain the pathophysiology of depression but 

there are nevertheless limitations in this hypothesis: the therapeutic response to these 

treatments comes gradually even though the pharmacological response as well as possible 

side effects become evident rapidly after the first drug administration (Insel and Wang 

2009; Sanacora et al. 2008). For example, fluoxetine, that was the first developed SSRI 
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drug, takes several weeks or even months to achieve the therapeutic effect (Hillhouse and 

Porter 2015). Current treatments also have several adverse effects. Furthermore, a 

significant amount (~30–46%) of the patients, also remain treatment resistant regardless 

of testing several different types of classical antidepressants (Insel and Wang 2009; Fava 

and Davidson 1996). In addition, monoamine depletion appear not to cause depression in 

healthy individuals (Salomon et al. 1997). It is thus clear, that the monoamine hypothesis 

cannot fully explain the pathophysiology and neurobiology behind depression. It has been 

suggested that the monoamine deficiency might instead be in a modulatory role in a more 

complex neurobiological system (Sanacora et al. 2008). 

 

During the past twenty years, it has been discovered that amino acid neurotransmitter 

systems, especially glutamate and gamma-aminobutyric acid (GABA), are important in 

the pathophysiology of depression and other mood disorders (Wilkinson and Sanacora 

2019; Sanacora et al. 2008). Structural, functional and neurochemical deficits in the 

primary excitatory (glutamate) and inhibitory (GABA) neurons as well as in the levels of 

these neurotransmitters are associated with the pathophysiology of MDD (Duman et al. 

2019a). In addition, it has been found already in year 2000 that a subanesthetic dose of 

ketamine, a noncompetitive NMDA receptor antagonist, is effective to treat depression 

(Berman et al. 2000). Ketamine produces rapid and sustained antidepressant effects in 

patients with MDD and even in the patients considered treatment resistant (TRD) 

(Hillhouse and Porter 2015). This has been a significant breakthrough in the treatment of 

depression for many decades and has led to the development of many rapid-acting 

antidepressants and research about the mechanisms behind rapid antidepressant response 

(Duman et al. 2019a; Sanacora et al. 2008).  

 

It is also known that several functions in brain activity and brain energy metabolism are 

changed in depression (Drevets 2000). Indeed, it seems that the rapid-acting treatments 

of depression alter brain energy metabolism, synaptic potentiation and plasticity, and 

repair the underlying neuronal atrophy and dysfunction in neural networks that are 

connected to MDD (Duman et al. 2019b; Sanacora et al. 2008; Drevets 2000). Despite 

the numerous compounds in the development, the most promising and the most effective 

compound so far has been ketamine (Hillhouse and Porter 2015). In this review, rapid-
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acting antidepressants, focusing on ketamine, and their effects on brain energy 

metabolism and synaptic plasticity will be discussed.  

 

 
2 RAPID-ACTING ANTIDEPRESSANTS 

 

 

2.1 Rapid-acting antidepressant ketamine 

 

Ketamine is an NMDAR (N-methyl-D-aspartate receptor) antagonist, that has been 

typically used as a short-acting intravenous anesthetic (Hashimoto 2019; Tyler et al. 

2017). NMDAR inhibition is considered the main mechanism of action and cause of 

dissociative anesthesia (Zanos and Gould 2018). Later, it has been discovered that 

ketamine is effective also in relieving depressive symptoms in subanesthetic doses 

(Berman et al. 2000). Evidence of ketamine’s antidepressant effects is now based on 

numerous open-label, double-blind and (psychoactive) placebo-controlled clinical trials 

(Zanos et al. 2018; Zanos and Gould 2018; Murrough et al. 2017; Hillhouse and Porter 

2015). Depressive symptoms have been found to alleviate almost immediately, most 

significantly after 24 hours, and the antidepressant effects after a single intravenous 

infusion are generally sustained for several days up to two weeks (Kadriu et al. 2019; aan 

het Rot et al. 2012). Notably, ketamine has been found to have both antianhedonic and 

antisuicidal effects (Wilkinson et al. 2018; Murrough et al. 2015; Lally et al. 2014). 

Anhedonic symptoms are among the most common symptoms in depression and they are 

connected to most severe and treatment resistant forms of depression (Lally et al. 2014). 

Furthermore, one of the most significant findings is that ketamine has also been effective 

in treatment resistant patients in a large number of clinical trials (Murrough et al. 2017; 

Hillhouse and Porter 2015; aan het Rot et al. 2012; Zarate et al. 2006). Treatment resistant 

depression (TRD) means that the patients have not achieved full remission after one or 

more standard treatments of depression (Hillhouse and Porter 2015).  

 

In clinical treatment of depression, ketamine is generally administered in a subanesthetic 

dose of 0.5 mg/kg over 40-minute slow intravenous infusion (Hashimoto 2019). 

Ketamine is generally used as a racemic mixture of (R)- and (S)-enantiomers (Murrough 
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et al. 2017). The half-life of IV ketamine is short, only about 2–3 hours so it is 

metabolized and eliminated rapidly (Tyler et al. 2017). This means that the effects are 

still present after the compound has been eliminated from the body and the peak of the 

effects is actually reached after the compound has been essentially eliminated (aan het 

Rot et al. 2012). The antidepressant effects of ketamine preferentially occur after the acute 

effects on NMDAR and psychotomimetic effects subside (Berman et al. 2000). For that 

reason, many argue that the mechanism must be more complicated than just NMDA 

receptor inhibition (Zanos and Gould 2018). This is also supported by the finding that 

many other NMDAR inhibitors have failed in clinical setting (Garay et al. 2018).  

 

Discovering ketamine for this indication has been a remarkable improvement in the 

treatment of depression for a long time as it introduced a new treatment alternative besides 

traditional antidepressants especially for the treatment resistant patients (Duman et al. 

2019c). It is also now possible to achieve the response a lot faster without the delay 

compared to current antidepressants and this is beneficial especially in patients with a 

high risk of suicide (Hashimoto 2019). Patients with MDD, and especially patients with 

TRD, often have increased risk for suicide. Traditional antidepressants also have only 

modest effect on cognitive deficits, such as attention, verbal memory and information 

processing, that are associated with MDD (Witkin et al. 2019; Shilyansky et al. 2016).  

 

Nevertheless, the treatment of depression with ketamine also poses some important 

limitations. As with all medications, there are still some patients that do not respond to 

ketamine treatment (aan het Rot et al. 2012). In addition, ketamine is a dissociative drug 

with psychotomimetic properties (Hillhouse and Porter 2015). That means it can cause 

detachment from the environment or body, altered sensations and changes in mood, for 

instance. Ketamine has abuse potential, it has been in recreational use probably since it 

was developed in 1960s but this use has become more popular in the 21st century 

(Hillhouse and Porter 2015). Abuse potential and illicit use therefore complicates its 

wider use. Another severe concern is bladder toxicity and ulcerative cystitis, although 

these have been related to more long-term use (Shanani et al. 2007). These limitations, 

however, need to be taken into account when considering the use of ketamine in 

depression and also when developing similar substances. Multiple doses and combination 
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treatment with ECT for example, have also been studied for extending ketamine’s effects 

(aan het Rot et al. 2012). According to preliminary data, it seems that multiple ketamine 

infusions are safe and can extend the antidepressant effects compared to a single infusion 

(Diamond et al. 2014; Rasmussen et al. 2013; aan het Rot et al. 2010). Nevertheless, there 

are not much information about the long-term administration yet (Duman et al. 2019c; 

aan het Rot et al. 2012). More research on the efficacy and safety is needed before more 

wide-spread clinical use of ketamine is possible. 

 

Intravenous ketamine has not officially been approved for the treatment of depression, 

although off-label use has become common (Zhang et al. 2016). Nevertheless, nasal 

esketamine (S-enantiomer of ketamine) spray was approved for the treatment of 

depression by the FDA in March 2019 and EMA approval was admitted in December 

2019 (EMA 2019; FDA 2019). Other routes of administration such as per oral, sublingual, 

intranasal, subcutaneous and intramuscular routes are also studied (Hillhouse and Porter 

2015). These administration routes could enhance patient compliance and safety, reduce 

hospital visits needed for the IV administration and possibly decrease the hallucinogenic 

side effects too. 

 

2.2 Other clinically effective rapid-acting antidepressants 

 

Electroconvulsive therapy (ECT) belongs to the oldest treatments of depression and it is 

still one of the most effective in clinical treatment of TRD even though the exact 

mechanisms behind its action are not clear (Lisanby 2007). Nevertheless, it is known that 

ECT causes various strong changes in the brain including different neurophysiological 

and neuro-biochemical changes and might also alter neuroplasticity (Singh and Kar 

2017). Neuroplasticity means reorganization of neural networks that changes neural 

functions, including synaptogenesis and modulation of synaptic strength, for instance 

(Castrén 2009). ECT causes electric pulse into the scalp that can be seen in a transient 

epileptiform change in the electroencephalogram (EEG). Similar changes in EEG have 

been observed after ketamine administration and this will be discussed in more detail in 

chapter 4.2. ECT is known to be more effective compared to standard antidepressants and 

most likely to combination pharmacotherapy too (Medda et al. 2014; Parker et al. 1992). 
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In addition, depressive symptoms are usually relieved more rapidly after ECT compared 

to standard antidepressants (Lisanby 2007). The response can be achieved already after 

the first treatment, typically within 1 week and the remission rates vary between 20–80% 

of the patients (Lisanby 2007; Husain et al. 2004). Nevertheless, the response rates are 

usually better compared to standard antidepressants. The antidepressant response after 

ECT is, however, usually short-acting and transient and maintenance therapy with 

subsequent ECT or pharmacotherapy is needed (Lisanby 2007). 

 

Sleep deprivation (SD), a non-pharmacological treatment, have also shown similar effects 

in the brain compared to ECT and ketamine (Rantamäki and Kohtala 2020). Depressive 

symptoms have relieved rapidly, within 24 hours, in many clinical trials after sleep 

deprivation but the remission has been transient (Giedke and Swärzler 2002). The 

response is usually sustained only from one to a few days and patients often relapse after 

subsequent sleep episode (Rantamäki and Kohtala 2020; Giedke and Swärzler 2002). The 

effects of sleep deprivation are sometimes extended combining the treatment with an 

antidepressant drug or lithium, for example (Giedke and Swärzler 2002).  

 

In addition to ketamine, other pharmacologically distinct general anesthetics have also 

been studied for the treatment of depression (Vutskits 2018). Isoflurane is a commonly 

used inhalation anesthetic. It has been discovered that isoflurane anesthesia causes similar 

neurobiological changes compared to ketamine in rodent models and it might affect the 

same signaling pathways implicated in the antidepressant action of ketamine (Antila et 

al. 2017). Preliminary clinical trials on the antidepressant action of brief isoflurane 

anesthesia have generally been promising, although some trials have found partially 

conflicting results (Weeks et al. 2013; Greenberg et al. 1987; Langer et al. 1985).  

 

Another inhalation anesthetic nitrous oxide (N2O), also called laughing gas, has also been 

researched for its antidepressant effects (Vutskits 2018). Nitrous oxide is also NMDAR 

antagonist, such as ketamine. There is preliminary evidence that it alleviates depressive 

symptoms rapidly, only a few hours after administration, when the compound has been 

eliminated from the body (Nagele et al. 2015). Other anesthetics such as propofol and 

thiopentone have also been studied for the treatment of depression (Mickey et al. 2018; 
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Vutskits 2018).  

 

In addition to inhalation anesthetics, there are also pharmacologically different substances 

that might also have antidepressant effects. Scopolamine, a muscarinic receptor 

antagonist, has been proposed to have antidepressant effects resembling ketamine (Voleti 

et al. 2013). There are both animal studies and some small clinical trials conducted for its 

use in depression but the results are slightly conflicting (Park et al. 2019; Voleti et al. 

2013; Drevets and Furey 2010). Psilocybin, LSD and some other psychedelics have also 

been studied for depression and there are promising preliminary results from both in vitro 

and in vivo studies (Ly et al. 2018). Some small clinical trials using psilocybin have also 

been conducted (Carhart-Harris et al. 2016; Carhart-Harris et al. 2017).  Concerning the 

safety aspect of these compounds, the abuse potential should be taken into account. 

 

Other novel compounds that are currently investigated include nonselective NMDA 

receptor antagonists, selective GLUN2B site NMDAR antagonists, NMDAR allosteric 

modulators, allosteric modulators of metabotropic glutamate receptors and AMPA (a-

amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid) receptors, compounds that 

modulate glutamate clearance and GABA modulators (Wilkinson and Sanacora 2019; 

Garay et al. 2018). However, the most promising and effective compound so far has been 

ketamine, a non-competitive NMDA receptor antagonist. 

 

 
3 PUTATIVE NEUROBIOLOGICAL MECHANISMS BEHIND KETAMINE’S 

RAPID ANTIDEPRESSANT RESPONSE 

 

 

3.1 Pharmacology of ketamine 

 

Ketamine has several proposed pharmacological mechanisms of action (Zanos and Gould 

2018). The NMDA receptor inhibition and following glutamatergic signaling is generally 

regarded as the main mechanism behind its antidepressant effects (Duman et al. 2019c; 

Kadriu et al. 2019; Murrough et al. 2017). Nevertheless, not all NMDAR antagonists have 

been proved to have antidepressant effects (Garay et al. 2018; Murrough et al. 2017). Yet, 
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it has been discovered that NMDAR glycine site antagonists, and also partial agonists can 

potentially relieve depressive symptoms (Kadriu et al. 2019). Because of these conflicting 

observations, it seems that the NMDAR inhibition cannot fully explain the mechanism of 

action in alleviation of depressive symptoms. Consequently, there are also NMDAR 

inhibition -independent mechanisms suggested to explain ketamine’s antidepressant 

effects (Kadriu et al. 2019; Zanos and Gould 2018). The hypotheses behind ketamine’s 

mechanisms of action can be divided into two groups: NMDAR-dependent mechanisms 

and NMDAR-independent mechanisms. Although there are several hypotheses 

suggested, the common mechanism is that they all increase presynaptic glutamate release 

and increase glutamate binding to AMPA receptors relative to NMDA receptors in 

different ways (Zanos and Gould 2018). AMPA receptor activation induces activity in 

multiple signaling pathways that modulate neuronal plasticity (Derkach et al. 2007). The 

process eventually leads to reduction of depressive symptoms through structural and 

functional reorganization of neuronal networks by various mechanisms, including 

synaptogenesis for example (Zanos and Gould 2018).  

 

The common hypothesis for ketamine’s action in depression is synaptogenesis in medial 

PFC (mPFC) that compensate the underlying neuronal atrophy in cortical and limbic 

areas that are connected to the disorder (Zanos and Gould 2018; Duman et al. 2012). 

There are several proposed mechanisms behind induced synaptogenesis that can be either 

exclusive or complementary (Kadriu et al. 2019; Zanos and Gould 2018). It is possible 

that they all induce sustained potentiation of excitatory synapses together and that way 

achieve and maintain antidepressant effects. The proposed three main hypotheses behind 

this synaptogenesis are described in the following chapter and summarized in Figure 1. 

 

3.2 Molecular mechanisms of ketamine 

 

One, and probably the most common, hypothesis for NMDAR inhibition is called 

disinhibition hypothesis (Zanos and Gould 2018). According to disinhibition hypothesis, 

ketamine blocks NMDA receptors selectively in GABA-ergic inhibitory interneurons, 

decreasing their activity and GABA release (Figure 1). That subsequently leads to 

disinhibition of pyramidal neurons and enhanced glutamatergic release from presynaptic 
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glutamatergic neurons in the mPFC and possibly in other cortico-limbic regions too 

(Kadriu et al. 2019; Zanos and Gould 2018). Increased glutamate levels activate AMPA 

receptors in postsynaptic glutamatergic neurons leading to the antidepressant effect. 

Glutamate receptor activation causes Ca2+ influx into the post-synaptic neuron that 

engages downstream signaling pathways (Duman et al. 2019c). AMPAR activation is 

connected to different signaling pathways, such as strengthening of the brain-derived 

neurotrophic factor (BDNF) signaling as binding of glutamate to AMPA receptors 

increases BDNF release (Zanos and Gould 2018). BDNF is a growth factor involved in 

synapse formation and growth as well as synaptic plasticity in the CNS (Marosi and 

Mattson 2014). The mechanism how AMPA receptor activation leads to increased BDNF 

release is possibly due to increased Ca2+ -levels in post-synaptic neuron (Lepack et al. 

2015; Kuczewski et al. 2009). The released BDNF activates its receptor TrkB 

(tropomyosin receptor kinase B), resulting in downstream activation of mTOR 

(mammalian target of rapamycin) signaling pathway and inhibition of GSK3β (glycogen 

synthase kinase 3β) (Zanos and Gould 2018). This pathway leads to protein synthesis and 

synaptogenesis, and also behavioral responses (Kadriu et al. 2019; Duman et al. 2019c; 

Zanos and Gould 2018). Increased levels of postsynaptic proteins assist spine formation, 

maturation and function so it has been related to synaptic plasticity (Duman et al. 2012). 

BDNF signaling has been indicated essential for ketamine’s antidepressant effects as bdnf 

gene knockdown mice did not respond to ketamine treatment (Autry et al. 2011).  
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Figure 1. Three hypothetical mechanisms behind ketamine’s antidepressant effects.                      
1. Disinhibition hypothesis: ketamine blocks NMDA receptors in GABAergic inhibitory 
interneurons which decreases GABA release. This, in turn, leads to enhanced glutamate 
release from presynaptic glutamatergic neurons and activate AMPA receptors on 
postsynaptic neurons. Activated AMPA receptors induce BDNF release and after binding 
to TrkB receptors it leads to protein synthesis and synaptogenesis through GSK3β and 
mTOR pathways. 2. Inhibition of spontaneous NMDA receptor activation: ketamine 
blocks NMDA receptors in postsynaptic neurons that leads to the inhibition of eEF2 
kinase activity and its substrate eEF2 is therefore not phosphorylated. This, eEF2 
substrate, is related to enhanced BDNF translation. 3. HNK metabolites (2R,6R; 2S,6S)-
HNK possibly activate postsynaptic AMPA receptors and that way promote synaptic 
potentiation. The exact mechanism for AMPA receptor activation by these metabolites is 
not clear. Abbreviations: NMDAR=N-methyl-D-aspartate receptor, GABAAR=gamma-
aminobutyric acid A receptor, AMPAR=α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, BDNF= brain-derived neurotrophic factor, TrkB= 
tropomyosin receptor kinase B, Akt=protein kinase B, GSK3β=glycogen synthase kinase 
3β, mTOR=mammalian target of rapamycin, eEF2K=the eukaryotic elongation factor 2 
kinase, HNK=hydroxynorketamine. Modified from (Kadriu et al. 2019; Zanos and Gould 
2018).  
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Another proposed hypothesis is inhibition of spontaneous NMDA receptor activation 

(Figure 1) (Kadriu et al. 2019; Zanos and Gould 2018). According to this hypothesis, 

ketamine blocks spontaneous neurotransmission through NMDA receptors in 

postsynaptic glutamatergic neurons (Zanos and Gould 2018). This then leads to decrease 

in the eukaryotic elongation factor 2 kinase (eEF2K) activity and the activation of its 

eEF2 substrate by reduced phosphorylation. This substrate is connected to protein 

synthesis and synaptic plasticity (Taha et al. 2013). Consequently, protein translation 

including BDNF translation are increased at least in the hippocampus resulting in 

previously mentioned signaling through TrkB, mTOR and GSK3β leading to subsequent 

increase in protein synthesis and synaptogenesis (Kadriu et al. 2019). The substrate eEF2 

has also been associated with synaptic plasticity (Autry et al. 2011).   

 

The third proposed mechanism is independent of NMDAR inhibition (Kadriu et al. 2019; 

Zanos and Gould 2018). It involves ketamine’s metabolites (2R,6R)-hydroxynorketamine 

(HNK) and (2S,6S)-HNK (Figure 1) (Zanos and Gould 2018). According to the 

hypothesis, ketamine is metabolized to pharmacologically active metabolites, which are 

responsible for the antidepressant effects of ketamine through AMPAR activation and 

following synaptic potentiation. The mechanism how they affect glutamate release and 

activate AMPA receptors is not known (Zanos and Gould 2018). There are, however, 

observations from animal studies that suggest this hypothesis. It has been observed that 

(2S,6S;2R,6R)-HNK metabolite is essential for the antidepressant effect in mice, for 

example (Zanos et al. 2019; Zanos et al. 2016). Nevertheless, there are also conflicting 

observations about the antidepressant effect of these metabolites from preclinical studies 

so further studies in consistent experimental conditions are needed (Farmer et al. 2020; 

Grunebaum et al. 2019; Shirayama and Hashimoto 2018; Yamaguchi et al. 2018). After 

all, it is also believed that activation of both NMDAR and AMPAR are required for 

synaptic plasticity and antidepressant response (Citri and Malenka 2008). More 

discussion about the proposed mechanisms can be found here (Kadriu et al. 2019; Zanos 

and Gould 2018). 

 

Despite the different mechanisms, all the proposed hypotheses converge in their ability 

to induce acute changes in synaptic plasticity that enables long-term potentiation of 



 12 

excitatory synapses required for antidepressant effects and to compensate for the 

underlying neuronal atrophy in MDD (Zanos and Gould 2018). Due to incomplete 

understanding of the underlying mechanisms and existence of various conflicting 

hypotheses and findings, more research of the neuropharmacological effects of ketamine 

is crucial. The research behind ketamine’s antidepressant effects will also support the 

development of other rapid-acting antidepressants. 

 

 
4 BRAIN ENERGY METABOLISM AND RAPID-ACTING ANTIDEPRESSANT 

EFFECTS 

 

 

4.1 General overview what is meant by brain energy metabolism and how it is connected 

to depression 

 

The brain comprises 2% of the body weight but the brain’s energy demand is enormous: 

the brain uses at least 20% of the total energy sources in the body (Bélanger et al. 2011; 

Rolfe and Brown 1997; Kety 1957). Most of the energy in the brain is utilized for 

signaling, for example spreading action potentials, maintenance of membrane potentials, 

and driving postsynaptic ion fluxes and the rest is used for basic cellular functions such 

as the turnover of macromolecules and mitochondrial proton leak (Attwell and Laughlin 

2001; Rolfe and Brown 1997). The energy demand is higher in the grey matter compared 

to the white matter of the brain most likely because most of the excitatory synapses 

connect in the gray matter (Attwell and Laughlin 2001).  

The main and essential energy sources for the brain are oxygen and glucose, specifically 

glucose is the main substrate for energy metabolism (Sokoloff 1977a). In certain 

circumstances, other substrates such as ketone bodies (when glucose levels remain low) 

and lactate (anaerobic conditions) can also be used for providing energy for neurons 

(Mattson et al. 2018; Bélanger et al. 2011). In addition to neurons, glial cells have a 

significant role in brain energy metabolism by producing, delivering and storing glucose 

(Bélanger et al. 2011; Brown and Ransom 2007). Although the glycogen is mainly stored 

in the liver and muscle, astrocytes store glycogen as well and they are, in fact, the only 
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cells in the brain that store it (Magistretti and Allaman 2015; Cataldo and Broadwell 

1986). It is believed that glycogen from astrocytes is converted to lactate during 

hypoglycemia and then transferred to neurons for energy source in aerobic use (Brown 

and Ransom 2007). Therefore, glycogen stores in astrocytes can protect the brain from 

hypoglycemic neural injuries when the energy supply is limited. Furthermore, astrocytes 

take part in recycling of glutamate through the glutamate-glutamine cycle that may be 

altered in depression as the glutamate/glutamine ratio has been observed to be changed 

in some MDD patients (Sanacora et al. 2012; Bélanger et al. 2011). 

 

Glucose is converted to adenosine triphosphate (ATP) through two different pathways: 

glycolytic pathway or oxidative pathway (Figure 2) (Magistretti and Allaman 2015). 

During glycolytic pathway, glucose is converted to pyruvate and during the oxidative 

pathway pyruvate is further converted into ATP molecules and CO2 in the presence of 

oxygen. Oxidative pathway includes tricarboxylic acid cycle (TCA cycle) and related 

oxidative phosphorylation (OXPHOS) that occur in mitochondria. The complete 

oxidation pathway produces more energy as it produces 30-36 ATPs per metabolized 

glucose molecule and glycolytic pathway only 2 ATPs respectively. The disadvantage of 

oxidative pathway is that it produces also reactive oxygen species (ROS) as a by-product 

with ATP molecules (Mattson et al. 2008). These ROS need to be neutralized by 

antioxidant enzymes produced by mitochondria to prevent cell damage. There is also the 

third alternative pathway for glucose metabolism, the pentose phosphate pathway (PPP) 

that produces NADPH and is important defensing against oxidative stress (Magistretti 

and Allaman 2015). In addition to energy metabolism, glucose is also involved in 

metabolic pathways related to glutamate, acetylcholine and GABA syntheses (Dienel 

2018). 
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Figure 2. Three pathways of glucose metabolism are presented: glycolytic and oxidative 
pathways and the pentose phosphate pathway. Glucose is taken up into cells through 
glucose transporters (GLUTs) and is phosphorylated to glucose-6-phosphate (Glucose-
6P). Glucose-6P is then metabolized either through glycolysis producing pyruvate, 2 
ATPs and 2 NADHs or the pyruvate can then subsequently enter mitochondria. Pyruvate 
is then metabolized through TCA cycle and oxidative phosphorylation producing 30–36 
ATPs and CO2 in the presence of oxygen. These are the main pathways responsible for 
glucose metabolism and generating ATP in the brain. The third alternative pathway is the 
pentose phosphate pathway that produces NADPH that is important in managing 
oxidative stress and maintaining cellular antioxidant defense. Pyruvate can also be 
converted to lactate under anaerobic conditions. Abbreviations: GLUTs=glucose 
transporters, Glucose-6P=glucose-6-phosphate, DHAP=dihydroxyacetone phosphate, 
GA3P=glyceraldehyde-3-phosphate, PPP=the pentose phosphate pathway, TCA 
cycle=tricarboxylic acid cycle, ATP=adenosine triphosphate. Modified from (Dienel et 
al. 2018; Magistretti and Allaman 2015).  
 

 

Energy metabolism has been connected to depression as certain energy metabolism 

related differences and dysfunctions has been observed in depressed patients (Gardner et 

al. 2003). Mitochondrial dysfunction has been connected to the disorder in several animal 

models, brain-imaging clinical studies, genetic studies and postmortem research (Zuccoli 
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et al. 2017; Manji et al. 2012). Remarkable decreases in mitochondrial ATP production 

as well as lower levels of mitochondrial enzymes and deletions in mitochondrial DNA 

(mtDNA) have been noticed in several studies (Allen et al. 2018; Gardner et al. 2003). 

Impaired TCA cycle rates in glutamatergic neurons has also been found in MDD patients 

compared to controls and this could indicate mitochondrial dysfunction as well (Abdallah 

et al. 2014). Proteomic evidence suggests that there are alterations in proteins regulating 

oxidative phosphorylation, such as subunits for ATP synthase and NADH dehydrogenase 

in depression and these are also linked to decreased ATP production (Zuccoli et al. 2017). 

Reduced ATP production, OXPHOS pathway that produces ROS and contribute 

oxidative stress are connected to depression but their relations are not yet fully understood 

(Allen et al. 2018; Black et al. 2014). However, the levels of free radicals and oxidative 

damage products have been noticed to be increased, and on the other hand antioxidants 

and antioxidant enzymes have been observed to be reduced in patients with MDD (Liu et 

al. 2015). Mitochondrial dysfunction has also been connected to impaired neuroplasticity 

in MDD patients (Allen et al. 2018). Furthermore, patients with genetic mitochondrial 

diseases have increased risk for depression so this also supports the finding that 

mitochondrial dysfunction and depression could be connected (Fattal et al. 2007). 

 

There are also studies that showed both reductions and increases in blood flow and 

glucose metabolism in different brain regions in depression. These changes have been 

observed in the orbital and medial prefrontal cortex as well as limbic structures and 

corticolimbic system that modulate for example emotion, motivation and stress responses 

and regulate for example emotions, behavior and cognitive functions (Drevets 2000). 

However, some studies are slightly conflicting concerning the specific brain region. 

Regarding glucose metabolism, there is evidence that the expression of insulin-

independent glucose transporter 1 (GLUT1), that is the main glucose transporter into the 

brain through the blood brain barrier, is lower in MDD patients due to increased glucose 

transporter methylation (Kahl et al. 2016). This could reduce the glucose uptake into the 

brain and it can be at least partly related to altered glucose metabolism. There is contrary 

evidence from animal studies also about glucose transporters by Detka et al. (2014), but 

after all it seems that there are various changes and dysfunctions in energy metabolism in 

depression.  
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One way to monitor these changes in local brain activity and simultaneous energy 

metabolism is EEG. The more there is local activity, the more energy is needed and 

therefore EEG can be used to monitor functional as well as ongoing metabolic activity 

(Sokoloff 1977b). EEG is most commonly used for the diagnosis and management of 

epilepsy and other similar disorders to detect epileptiform discharges (Kennett 2012). 

EEG detects changes in the activity of the cerebral cortex and it can be used to observe 

multiple disorders that affect that area of the brain such as sleep disorders and 

encephalopathies including dementia, seizures and coma, for instance. Because EEG is 

widely used in different purposes, there are also various forms of EEG. Pharmaco-EEG 

is a common method used in psychopharmacological research (Knott 2000). It can be 

used to observe a central effect of a drug in the brain or more closely to study a 

compound’s dose- or time-related effects in the EEG. It can also be used in drug 

development to test whether the compound is effective in the CNS, for example. Other 

imaging studies that can be used to evaluate the energy metabolism in the brain are 

positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) 

(Magistretti and Allaman 2015). PET and MRI detect signals that are connected to energy 

delivery and use and therefore related to brain activity. They monitor for example changes 

in blood flow, glucose utilization and oxygen levels in the blood. Digital autoradiography 

(ARG) is another useful imaging method for analyzing regional metabolic activity in 

different brain regions in preclinical research (Alitalo et al. 2020).  

 

4.2 Effects of ketamine and other rapid-acting antidepressants on brain energy 

metabolism 

 

As mentioned earlier, the brain energy metabolism can be altered in depression and it has 

been observed that ketamine can modulate it as well (Ionescu et al. 2018). Ketamine 

induced increases in regional brain glucose metabolism in specific brain regions have 

been known for a long time even though the dose has been anesthetic dose in older studies 

(Davis et al. 1988; Crosby et al. 1982). There is also evidence about changes in brain 

energy metabolism when used doses relevant to depression. Subanesthetic ketamine has 

been shown to considerable increase regional glucose metabolic rates especially in the 
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thalamus, and the frontal and parietal cortices in healthy volunteers (Långsjö et al. 2004). 

There are also other studies that found changes in the brain metabolism for example in 

hippocampus and infralimbic cortex in TRD patients after ketamine infusion (Lally et al. 

2015; Ballard et al. 2014). Both of these studies used PET assessment and these findings 

also correlated with decreased depressive symptoms. These observed changes after 

ketamine administration are substantially in the same areas where the differences and 

dysfunctions have been observed in MDD patients. However, the brain regions depend 

on the study but it seems that the areas related to emotion and cognition, such as 

subgenual anterior cingulate cortex (sgACC), posterior cingulate cortex (PCC), prefrontal 

cortex (PFC) and hippocampus, are significant (Ionescu et al. 2018).  

 

In addition, ketamine has been observed to alter cerebral blood flow (CBF) using MRI in 

healthy individuals (Niesters et al. 2012; Deakin et al. 2008). However, the brain regions 

where these increases and decreases in blood flow have been observed, depend on the 

study. Furthermore, Weckmann et al. (2017) have found in rodent studies that ketamine’s 

mode of action in depression could be related to mitochondrial energy metabolism and 

decreased ROS production. There is also preclinical evidence that ketamine could at least 

partly reverse energy metabolism related dysfunctions in rodent models (Réus et al. 

2015).  

 

EEG has also been used to evaluate ketamine’s effects in the brain as the brain activity 

correlates with energy consumption (Kohtala et al. 2019; Magistretti and Allaman 2015; 

Hong et al. 2010). Subanesthetic ketamine has been observed to alter these EEG signals, 

called oscillations in animal models as well as in humans (Kohtala et al. 2019; Sanacora 

et al. 2014; Kocsis 2012; Hong et al. 2010). It has been noticed that there are acute and 

transient increases in high frequency gamma power oscillations (30-80 Hz) in quantitative 

EEG in humans as well as rodents (rats and mice) after ketamine administration. Gamma-

band activity, is usually associated with cortical activation such as information processing 

(Neske 2016). These oscillations are fast and local. For example, Hong et al. (2010) found 

increased gamma power oscillations after ketamine infusion in healthy human subjects. 

In addition, Nugent et al. (2018) found that gamma oscillations were visible up to 6-9 

hours after ketamine infusion in MDD patients. They also found that the higher the 
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gamma power was compared to baseline gamma after administration, the better the 

response was to the treatment. After ketamine-induced gamma oscillations, following 

increase in slow EEG activity (0,5-4 Hz) has been observed in mouse model (Kohtala 

2019). Slow EEG activity (delta oscillations) is based on the spontaneous activity 

between thalamus and the cortex and the slow activity is more globally synchronized 

compared to gamma oscillations (Neske 2016). Slow EEG activity is usually observed in 

EEG during sleep or anesthesia or after seizure. Subanesthetic dose of ketamine has been 

shown to induce dose-dependent slow wave activity in the EEG in rats (Feinberg and 

Campbell 1993). Altogether, it seems that ketamine’s mode of action could be related to 

underlying dysfunctions in energy metabolism in specific brain areas in MDD.  

 

It has been observed that the same phenomenon: cortical excitation and following 

increased slow EEG activity, are also related to sleep deprivation, ECT and some other 

NMDAR antagonists, such as N2O administration (Kohtala et al. 2018; Singh and Kar 

2017; Rodriguez et al. 2016). Sleep deprivation, ECT and N2O all have produced rapid 

antidepressant responses in MDD patients even though the mechanisms behind their 

action are unclear. 

 

4.3 Signaling mechanisms behind ketamine enhanced network function in depression 

 

It is known that ketamine is metabolized and eliminated rapidly from the body and 

ketamine’s antidepressant effects are achieved when the psychotropic effects and acute 

engagement with NMDA receptors subside (Zanos et al. 2018; Zanos and Gould 2018). 

It is believed that ketamine causes a transient cortical excitation that is linked to high 

gamma-band power in EEG and a subsequent low activity, connected to slow EEG waves, 

that occur after the administration has stopped (Figure 3) (Kohtala 2019). It seems that 

both the excitation and inhibition/adaptation periods are needed for achieving the 

antidepressant effects.  

 

Recent research has been trying to figure out which ketamine related signaling 

mechanisms are activated during excitation and inhibition/adaptation periods seen in the 

EEG (Kohtala 2019; Duncan and Zarate 2013). It has been suggested that gamma 
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oscillations could possibly refer to cortical disinhibition, according to disinhibition 

hypothesis described before and also AMPA receptor activation (Figure 1) (Hiyoshi et al. 

2014). Ketamine induced high gamma power oscillations seen in Figure 3 could be 

associated with heavy cortical excitation (Neske 2016; Hiyoshi et al. 2014). Because the 

brain activity is high during this transient excitation, the energy metabolic activity is high 

too and can be considered as an energy metabolic shock for the mPFC (Rantamäki and 

Kohtala 2020). This part of the EEG is suggested to involve NMDAR inhibition and 

following glutamate burst (Kohtala 2019). Specifically, mitogen-activated protein kinase 

(MAPK) phosphorylation, that is a marker for neuronal excitability, has been observed 

to increase. Transcription of immediate early genes (IEGs), such as bdnf, is also increased 

and that could be associated with synaptic potentiation and plasticity and therefore 

strengthen brain functions (Rantamäki and Kohtala 2020; Kohtala 2019; Duncan et al. 

2013).  

 

 

Figure 3. Signaling mechanisms behind rapid-acting antidepressant action. Two 
hypothetic phases, excitation and inhibition, and related signaling mechanisms are 
presented. The excitation phase on the left side appear during the acute pharmacological 
action and is associated with increased cortical excitability, synaptic potentiation and high 
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gamma-band power seen in EEG. Increased MAPK phosphorylation and changes in the 
transcription of immediate early genes, such as bdnf, are connected to the this phase. The 
inhibition phase on the right side, appear when the drug is no longer present and is 
associated with slow EEG activity. This phase is also connected to increased 
phosphorylation of TrkB, GSK3b (activity reduces after phosphorylation) and p70S6K 
(downstream of mTOR). MAPK phosphorylation is decreased. These changes could also 
be connected to synaptic downscaling. These phases and signaling mechanisms are 
connected to ketamine and other rapid-acting antidepressants and they can be connected 
to simultaneous network repairing. Abbreviations: MAPK=mitogen-activated protein 
kinase, IEGs=immediate early genes, TrkB=tropomyosin receptor kinase B, 
GSK3b=glycogen synthase kinase 3β, mTOR=mammalian target of rapamycin. Modified 
from (Kohtala 2019).  
 

 

The slow activity, on the other hand, is assumed to be a neuronal homeostatic response 

or a recovery period after the previous cortical excitation (Figure 3) (Rantamäki and 

Kohtala 2020; Kohtala 2019). During this inhibition period energy metabolism is 

decreased. This period is considered to involve synaptic downscaling and renormalization 

and when excess synaptic potentiation is prevented. It can be described as adaptation 

period and a homeostatic response for excitation. Regarding the signaling pathways, 

increased phosphorylation of TrkB, GSK3b and a marker of downstream mTOR, 

p70S6K, have been observed during this adaptation period and slow oscillations (Kohtala 

2019). The phosphorylation of mTOR and GSK3b are connected to energetic challenges 

(Marosi and Mattson 2014). MAPK phosphorylation, on the other hand, is reduced 

(Kohtala 2019). The regulation of TrkB and GSK3b are supposed to be essential in the 

rapid antidepressant effect of ketamine and other NMDAR antagonists (Kohtala et al. 

2019; Li et al. 2010). Overall, ketamine’s sustained antidepressant effects have been 

explained by increased glutamate release and following AMPAR activation that leads to 

synaptic plasticity through BDNF and its receptor TrkB (Kohtala 2019; Zanos and Gould 

2018; Li et al. 2010). Synaptic plasticity and enhanced functional neural connectivity 

strengthen brain functions and could possibly repair the altered connectivity and network 

functions in MDD (Rantamäki and Kohtala 2020; Duncan et al. 2013; Cornwell et al. 

2012).  

 

The same phenomenon occurs during sleep-wake cycle (Rantamäki and Kohtala 2020; 

Tononi and Cirelli 2003). Cortical excitation and synaptic potentiation and consolidation 
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are active when awake and synaptic downscaling and renormalization happen when 

sleeping as a homeostatic response. This is believed to change the functional neural 

connectivity and allow synaptic plasticity. In addition, the same signaling pathways and 

similar changes in signals that are associated with synaptic plasticity are supposed to be 

behind rapid antidepressant effects of other NMDAR antagonists, ECT, sleep deprivation, 

nitrous oxide (N2O) and isoflurane, for example (Kohtala et al. 2018; Antila et al. 2017; 

Dyrvig et al. 2014; Li et al. 2010; Cirelli et al. 1995). Especially activated TrkB signaling 

seems to be significant in N2O and isoflurane produced antidepressant effects (Kohtala 

et al. 2018; Antila et al. 2017). Other NMDAR antagonists have shown similar changes 

in EEG too (Hiyoshi et al. 2014).  

 

In addition, physical exercise and fasting have been shown to have similar changes in 

energy metabolism in the brain including induced BDNF formation and activated BDNF 

– TrkB signaling (Mattson et al. 2018; Marosi and Mattson 2014). Especially, high-

intensity interval training has been connected to large increases in BDNF levels in the 

serum (Marquez et al. 2015). It is also known that increased neural excitatory activity 

leads to increased bdnf gene expression and increased BDNF release (Koppel et al. 2009). 

BDNF has a significant role in energy homeostasis, and dysfunction in its levels can lead 

to several different neurological and metabolic diseases (Marosi and Mattson 2014). It is 

therefore believed that the decreased expression of BDNF in depression can be up-

regulated by rapid-acting antidepressant agents (Duman et al. 2019b). It is, however, not 

clear whether the BDNF attachment is always required for TrkB receptor activation as it 

has been found that these receptors can transactivate after a classical antidepressant drug 

administration also without BDNF attachment (Rantamäki et al. 2011; Lee et al. 2002). 

However, it is also known that ECT and sleep deprivation induce energy metabolism and 

also relieve depressive symptoms (Singh and Kar 2017; Giedke and Swärzler 2002). 

These observations suggest that certain increases in brain energy metabolism are linked 

to antidepressant effect. Altogether, it seems that rapid-acting antidepressants activate the 

same signaling pathways as ECT, sleep deprivation, physical exercise and fasting and all 

of these also affect brain energy metabolism. Therefore, ketamine’s antidepressant effects 

could possibly be related to changes in brain energy metabolism and similar changes 

occur after administration of other rapid-acting antidepressants too. 
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5 DISCUSSION 
 

Ketamine in the treatment of depression has been the most remarkable discovery in 

psychiatry for decades (Duman et al. 2019a; Zarate et al. 2006; Berman et al. 2000). 

Because of the various limitations and problems with current antidepressants and since 

the finding that a subanesthetic dose of ketamine can relieve depressive symptoms, a lot 

of research has been done in order to respond the unmet medical need for more rapid and 

effective treatments. Besides ketamine, other rapid-acting agents have also been 

encouraging and the neurobiological mechanisms behind rapid-acting antidepressant 

response are studied. Ketamine and other rapid-acting antidepressants relieve depressive 

symptoms significantly faster compared to traditionally used antidepressants and 

especially ketamine has been effective also in TRD (Zarate et al. 2006). Regardless of the 

several putative hypotheses suggested and some conflicting observations, the convergent 

mechanism behind rapid antidepressant response seems to be increased synapse 

strengthening, synaptogenesis and plasticity that are believed to be necessary for the 

antidepressant behavioral response (Duman et al. 2019c). Nevertheless, further studies 

are needed to confirm the mechanism(s) of action. 

 

There are a lot of findings about alterations in brain energy metabolism in MDD including 

mitochondrial dysfunction, changes in cerebral blood flow, and glucose metabolism in 

different brain regions. Some findings are contradictory but altogether it seems that the 

brain energy metabolism is changed in brain regions related to the pathophysiology of 

MDD. In addition, metabolic changes can be caused by ketamine and supposedly other 

rapid-acting antidepressants too (Feinberg and Campbell 1993). Ketamine has been 

shown to increase regional brain glucose metabolism in specific brain regions, alter CBF 

and possibly decrease ROS production and could at least partly reverse dysfunctions in 

energy metabolism related to MDD. These changes can be observed using different 

imaging studies. However, further studies are needed to consolidate these findings and 

confirm the findings using subanesthetic dose. It would also be important to standardize 

the experimental conditions and imaging methods used to evaluate these effects and also 

confirm all the findings clinically.  
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Ketamine induced changes in brain energy metabolism can be observed in the EEG: 

increased gamma-band activity that is associated with cortical excitation and heavy 

energy metabolism and subsequent slow EEG activity regarded as an inhibition period. 

Similar observations have been connected to sleep deprivation, ECT and N2O 

administration. It seems that the short but heavy cortical excitation and following low 

energy state are shared by all rapid-acting treatments including non-pharmacological 

ECT and sleep deprivation. It is believed that both the excitation and inhibition periods 

are needed for the antidepressant response (Rantamäki and Kohtala 2020). Another 

common thing among rapid-acting antidepressants seems to be fast pharmacokinetics as 

all these are metabolized and eliminated rapidly from the body and the half-life is short. 

However, the effects are sustained significantly longer.  

 

Regarding the signaling mechanisms, it has been observed that the BDNF-TrkB-GSK3b-

mTOR signaling is associated with rapid antidepressant response and similar changes has 

been noticed to activate after ketamine and N2O administration (Kohtala 2019). BDNF is 

extensively believed to be responsible for the activation of TrkB receptors (Duman et al. 

2019b; Marosi and Mattson 2014). However, there is evidence that after a classical 

antidepressant drug administration, that regulate the levels of monoamine and 

noradrenaline, TrkB receptors can activate also without BDNF attachment (Rantamäki et 

al. 2011; Lee et al. 2002). Similar changes in signaling have also been observed after non-

pharmacological treatments such as physical exercise and fasting or caloric deprivation 

that have been observed to induce BDNF formation and activate BDNF – TrkB signaling. 

It therefore seems that certain increases in energy metabolism could indicate synaptic 

potentiation and plasticity. These findings raise a question that could just the change in 

brain energy metabolism activate TrkB signaling, possibly also without BDNF 

attachment, and that way lead to synaptic potentiation and plasticity? Could the activation 

of TrkB signaling only be a marker of the change in metabolic state? Then, the rapid-

acting antidepressants could cause the massive energy metabolic change through cortical 

excitation by glutamate burst and following AMPA receptor activation and that way lead 

to synaptic plasticity and relieving of depressive symptoms. Or, on the other hand, could 

the change in metabolic rate in the specific brain regions be used to monitor the 
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effectiveness of these rapid-acting treatments using brain imaging methods to find out 

which patients will respond and benefit from the treatment? The further research is 

necessary but if later confirmed, it would bridge the present research gaps and help further 

development of rapid-acting antidepressants. 
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