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Molecular and Cellular Mechanisms of Rapid-Acting Antidepressants 
Ketamine and Scopolamine 
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Abstract: Major depressive disorder (MDD) is a prevalent neuropsychiatric disease 
that causes profound social and economic burdens. The impact of MDD is 
compounded by the limited therapeutic efficacy and delay of weeks to months of 
currently available medications. These issues highlight the need for more efficacious 
and faster-acting treatments to alleviate the burdens of MDD. Recent breakthroughs 
demonstrate that certain drugs, including ketamine and scopolamine, produce rapid 
and long-lasting antidepressant effects in MDD patients. Moreover, preclinical work 
has shown that the antidepressant actions of ketamine and scopolamine in rodent 
models are caused by an increase of extracellular glutamate, elevated BDNF, activation 
of the mammalian target of rapamycin complex 1 (mTORC1) cascade, and increased 
number and function of spine synapses in the prefrontal cortex (PFC). Here we review studies showing 
that both ketamine and scopolamine elicit rapid antidepressant effects through converging molecular and 
cellular mechanisms in the PFC. In addition, we discuss evidence that selective antagonists of NMDA 
and muscarinic acetylcholine (mACh) receptor subtypes (i.e., NR2B and M1-AChR) in the PFC produce 
comparable antidepressant responses. Furthermore, we discuss evidence that ketamine and scopolamine 
antagonize inhibitory interneurons in the PFC leading to disinhibition of pyramidal neurons and increased 
extracellular glutamate that promotes the rapid antidepressant responses to these agents. Collectively, 
these studies indicate that specific NMDA and mACh receptor subtypes on GABAergic interneurons are 
promising targets for novel rapid-acting antidepressant therapies. 
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INTRODUCTION 

 Despite advances in the fields of psychiatry and 
neuropharmacology over the years, major depressive 
disorder (MDD) continues to be a leading cause of disability 
in the world with a lifetime risk of 7-12% in men and 20-
25% risk in women [1-3]. In addition, MDD patients often 
have comorbid psychiatric illnesses, such as anxiety and 
substance abuse, along with an increased risk of other 
systemic chronic disorders, including cardiovascular 
disease, cancer, diabetes and obesity [4]. These debilitating 
characteristics contribute to the significant social and 
economic burdens caused by MDD [5]. The impact of this 
illness is compounded by the limited therapeutic efficacy and 
time-lag of weeks to months of currently available medications. 
Thus, these issues highlight the need for more efficacious 
and faster-acting treatments to alleviate the problems of MDD. 

 In order to facilitate the development of more effective 
MDD treatments a thorough understanding of the patho- 
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physiology of this disease is needed. The debilitating effects 
of MDD have been hypothesized to result from the 
dysfunction of an interconnected network of brain regions 
that collectively regulate mood [6]. Clinical and preclinical 
data indicate that depressive behaviors stem from dysfunction 
in several integrated brain regions, including the prefrontal 
cortex (PFC) and hippocampus (HPC). For instance, recent 
evidence shows that depressive behavior is linked to 
decreased synapse-related genes and loss of synapses in the 
PFC [7]. These neurobiological effects are precipitated by 
chronic exposure to stress, which promotes development of 
depressive behaviors in humans and rodent models [8-10]. In 
this context, it is important to develop treatments that can 
attenuate the stress-induced synaptic deficits and neuronal 
atrophy that underlies altered mood and depression. 

 Recent clinical studies demonstrate that ketamine 
produces long-lasting mood-enhancing effects, even in MDD 
patients that have failed to respond to two or more typical 
agents and are considered treatment-resistant [11-13]. 
Though these results are promising, ketamine also produces 
dissociative and psychomimetic side effects [14] and has 
abuse potential, especially at higher doses [15, 16]. Separate 
clinical studies also demonstrate that scopolamine produces 
rapid and sustained antidepressant responses in treatment-
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resistant patients [17-20]. Compared to ketamine, scopolamine 
has limited adverse effects particularly at concentrations used 
for antidepressant therapy, however, it can elicit cognitive 
deficits [21, 22]. In order to harness the antidepressant 
potential of ketamine and scopolamine, it is imperative to 
understand how they function in the brain and to use that 
knowledge to develop new therapies that are safer and can be 
widely prescribed. A key aspect of this endeavor is to 
characterize the brain areas and cell types that mediate the 
antidepressant actions of ketamine and scopolamine and how 
regulation of these cells produces a behavioral response. 
Preclinical studies show that the rapid antidepressant 
responses to ketamine, as well as scopolamine, are caused by 
increased glutamate neurotransmission and activation of  
the mechanistic target of rapamycin complex 1 (mTORC1) 
signaling in the PFC [23, 24]. The mTORC1 signaling 
pathway is an activity/energy/growth sensor that has been 
implicated in protein synthesis-dependent synaptic plasticity 
[25]. In fact, following ketamine and scopolamine treatment 
pyramidal neurons in the PFC show enhanced number and 
function of dendritic spines [23, 24]. Importantly, increased 
synapse number and function in the PFC in response to 
ketamine or scopolamine reverses the pathophysiology 
associated with stress and depression [26, 27]. The converging 
mechanisms by which ketamine and scopolamine produce an 
antidepressant effect suggest that there are common 
neurophysiological pathways underlying the actions of these 
rapid-acting antidepressants. 

 An important component that appears to initiate the 
molecular signaling required for rapid antidepressant 
responses is the fast (10-60 minutes) elevation or burst of 
glutamate in the PFC following ketamine and scopolamine 
administration [23, 28]. In fact, the neurocircuitry in the PFC 
is thought to provide a framework to enhance glutamate 
neurotransmission following ketamine and scopolamine 
administration. The purpose of this review is to summarize 
the molecular and cellular pathways that underlie the action 
of rapid antidepressant drugs and how they can lead to 
structural changes in the PFC that reverse synaptic deficits 
associated with MDD. Furthermore, we discuss how 
preferential antagonists of specific N-methyl-D-aspartate 
(NMDA) and muscarinic acetylcholine (mACh) receptor 
subtypes can promote glutamate transmission in the PFC and 
provide evidence that inhibitory interneurons may be a key 
mediator of these neurophysiological responses. 

BEHAVIORAL, MOLECULAR, AND STRUCTURAL 
CONSEQUENCES OF STRESS AND DEPRESSION 

 Recent studies have built on an extensive literature 
demonstrating the myriad ways that depression affects brain 
structure and activity. Human neuroimaging studies illustrate 
the long-term effects of stress on cortical, sub-cortical, and 
limbic structures implicated in depression [29]. One area of 
particular interest is the prefrontal cortex (PFC), which 
regulates and stabilizes the activity of much of the network 
[30]. In humans, the PFC is thought to be involved in  
self-evaluation and other self-referential activities, including 
the regulation of emotion and mood [31]. The prominent  
role of the PFC in depression is evident from studies 
demonstrating that deep brain stimulation of this brain region 

relieves depressive symptoms [32, 33]. Neuroimaging reports 
demonstrate that the volume and connectivity of the 
subgenual PFC and cingulate cortex is decreased in 
depressed individuals [34, 35]. Corresponding with these 
findings human postmortem studies have found a reduction 
in cell body size [36] as well as a loss of synapses in the 
dorsolateral PFC [7]. Region-specific changes of neuronal 
morphology, especially loss of synapses, contributes to the 
loss of functional connectivity found in human imaging 
studies. Gene expression analyses of depressed patients 
compared to healthy controls have found dysregulation of 
genes encoding proteins involved in synapse formation and 
glutamate signaling [37]. These pathological features are 
observed in models of chronic stress that promote 
development of depressive-like behavior. For instance, 
studies in rodents showed that long-term stress caused a 
decrease in the number and size of dendrites in layer 2/3 of the 
PFC [38, 39]. These findings are consistent with other rodent 
models that show reduced length and branching of the apical 
dendrites of layer V pyramidal neurons in the PFC in 
response to chronic stress. Coinciding with changes in 
dendritic branching, chronic stress also reduces spine density 
in the PFC [40, 41]. 

 Another brain region of interest in MDD is the 
hippocampus (HPC), which plays a key role in cognitive 
functions such as spatial and declarative memory and 
anxiety, as well as in regulation of the hypothalamic-
pituitary-adrenal (HPA) axis. HPC volume is reduced in 
depressed individuals and antidepressant therapy has been 
shown to reverse this stress-induced atrophy [42, 43]. 
Furthermore, work by McEwen and colleagues using rodent 
models of stress and depression report decreased number and 
length of apical dendrites in CA3 pyramidal neurons of the 
HPC and reduced synaptic connectivity in response to 
chronic stress paradigms [44]. The amygdala, a subcortical 
structure involved in emotional memory formation and 
retrieval, has primarily been studied for its role in fear 
conditioning and memory. In addition, the amygdala exhibits 
a dysfunctional activity profile in individuals suffering from 
depression and anxiety [45, 46]. Additional brain regions 
that are altered in animal and human studies of depression 
include the hypothalamus and nucleus accumbens [47]. 
While depression should be considered a system-wide 
disorder, the PFC is a key target for study as it receives and 
sends substantial projections throughout the brain to both 
cortical and subcortical regions that have been implicated in 
depression. In this context, it is important to work towards a 
thorough understanding of the pathophysiology of 
depression in order to develop better therapeutic agents that 
prevent or reverse these stress-induced cellular and 
molecular deficits in the PFC, as well as other brain regions. 

MECHANISMS OF RAPID-ACTING ANTIDEPRESSANTS 

 Preclinical studies have found that the behavioral and 
synaptic deficits linked to stress and depression can be reversed 
following chronic treatment with typical antidepressants. 
Chronic administration of the selective serotonin-reuptake 
inhibitor (SSRI) fluoxetine is able to increase spine density 
[48] and block the stress-induced atrophy of dendrites and 
spines following chronic stressors [49, 50]. Release of a 
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major neurotrophic factor, brain-derived neurotrophic factor 
(BDNF), is implicated in antidepressant actions as it has been 
shown that mice with the BDNF Val66Met polymorphism, 
which decreases activity-dependent BDNF release, are 
unresponsive to chronic fluoxetine treatment [51, 52]. Phar- 
macological blockade of BDNF receptor signaling also 
attenuates the antidepressant behavioral actions of fluoxetine 
[53]. Similar studies reveal a comparable role of fibroblast 
growth factor (FGF)-2 in the behavioral effects of SSRIs 
[54]. It is important to note that these synaptic, as well as 
behavioral actions of SSRIs require chronic administration 
(2-3 weeks). This is consistent with clinical reports that 
current antidepressant treatments require at least two weeks 
for symptom improvement and six to eight weeks of chronic 
administration before a full therapeutic response is observed 
[55, 56]. Complicating the use of these antidepressant 
treatments is that up to two-thirds of patients fail to respond 
to the first antidepressant prescribed [57]. 

 In contrast, a seminal study by Berman and colleagues 
found that a single dose of ketamine, an NMDA receptor 
antagonist, produces rapid antidepressant effects in 
treatment-resistant patients within hours of administration 
and that these effects are sustained for 7-10 days [14]. Several 
preclinical studies set out to investigate the underlying 
cellular and molecular mechanisms of ketamine and other 
rapid-acting antidepressants using rodent models. Behavioral 
and molecular studies illustrate the rapid actions of these 
agents, correlating behavior with alterations in signaling 
pathways and neuroplasticity. A single treatment with 
ketamine reverses CUS-induced anhedonia, anxiety and 
diminished spine density, and these effects are dependent on 
mTORC1 signaling [24, 58]. The mTORC1 pathway has 
been identified as an important mediator of protein- and 
activity-dependent synaptogenesis [25]. In addition to 
ketamine, scopolamine and mGluR2/3 antagonists, have all 
demonstrated promise as rapid-acting antidepressants through 

stimulation of mTORC1 signaling. Prior administration with 
the selective mTORC1 inhibitor rapamycin blocks the 
behavioral and synaptogenic actions of these agents, further 
supporting a role for the mTORC1 pathway [24, 58-60]. 
While it is clear that mTORC1 signaling is an integral 
molecular mechanism in the behavioral effects of these drugs 
several cell types are required to facilitate this molecular 
cascade. 

GLUTAMATE BURST IN THE PFC AS A TRIGGER 
FOR RAPID ANTIDEPRESSANTS 

 An early, key event that precedes mTORC1 activation is 
increased extracellular glutamate in the PFC. For example, 
acute NMDA or mACh receptor antagonism produced a 
rapid glutamate burst in the PFC within 10 to 60 minutes 
[23, 28, 61] (Fig. 1). It is important to note that glutamate 
elevation occurs with very low levels of scopolamine (25 
ug/kg) and sub-anesthetic doses of ketamine (10 mg/kg) [28, 
62]. The increased glutamate in the PFC is considered 
integral for the effects of ketamine and scopolamine as 
pretreatment with an AMPA receptor antagonist blocks the 
cellular and behavioral responses to these agents [23, 24, 
63]. This is consistent with findings that show AMPA 
receptor potentiators increase BDNF levels and produce 
antidepressant-like effects [64]. Thus, increased glutamate 
release in the PFC following ketamine or scopolamine 
activates AMPA receptors to promote the rapid antidepressant 
effects observed, including increased release of BDNF and 
binding to TrkB receptors which leads to stimulation of 
mTORC1 signaling (Fig. 1) [24, 65]. In fact, a recent study 
has shown that antibody-mediated sequestration of BDNF in 
the PFC blocks the antidepressant effects of ketamine [66]. 
In support of these findings the synaptic and behavioral 
actions of ketamine are blocked in mice homozygous for the 
BDNF Val66Met polymorphism (Met/Met)[67], which leads 
to diminished activity-dependent release of BDNF and 

 

Fig. (1). Molecular mechanisms mediating the synaptic plasticity caused by rapid-acting antidepressants. Treatment with ketamine or 
scopolamine causes glutamate influx in the PFC promoting AMPA receptor activation which initiates BDNF release. Subsequent binding of 
BDNF to TrkB receptors results in activation of mTORC1 signaling that contributes to increased synaptic plasticity underlying rapid 
antidepressant responses. 
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decreased PFC pyramidal neuron function [68, 69]. It is 
important to note that while these molecular signaling 
cascades occur quickly (within minutes) following ketamine 
and scopolamine treatment it likely takes several hours for 
enhanced synaptic responses to be observed, consistent with 
the time course for the therapeutic responses to these agents. 
In all, these studies demonstrate that an initial burst of 
glutamate in the PFC promotes downstream molecular 
signaling that mediates the rapid antidepressant actions of 
ketamine and scopolamine. 

RAPID-ACTING ANTIDEPRESSANTS MAY ENGAGE 
SPECIFIC NEUROTRANSMITTER RECEPTOR 
SUBTYPES TO ELICIT BEHAVIORAL RESPONSES 
 Recent studies suggest that selective NMDA and mACh 
receptor subtypes can be targeted to produce behavioral 
responses comparable to non-selective antagonists, providing 
insight to the receptor subtypes underlying the actions of 
ketamine or scopolamine [70]. This is supported by a clinical 
study demonstrating a rapid antidepressant response to a 
selective NR2B receptor antagonist, ifenprodil also known as 
CP-101, 606 (0.5 mg/kg/hour i.v. over 1.5 hours) [71]. Evidence 
from preclinical studies also demonstrate ketamine-like 

effects of NR2B selective antagonists. Administration of the 
selective NR2B antagonist Ro 25-6981 (10 mg/kg i.p.) 
increases mTORC1 signaling in PFC, leading to rapid anti- 
depressant responses in rodent models [24, 58]. Consistent 
with these findings, a recent study has found that genetic 
knockout of NR2B in CaMKII+ neurons results in blockade 
of antidepressant effects following ketamine. However, it is 
worth noting that mice lacking NR2B in CaMKII+ neurons 
showed hyperlocomotion, which confounds interpretation of 
these findings as an antidepressant response in the forced 
swim test is mimicked by increased locomotor activity [72]. 
Similar studies revealed preferential blockade of mACh 
receptor subtypes recapitulate the molecular and behavioral 
effects of scopolamine. For example, telenzepine, which 
preferentially antagonizes M1-ACh receptors, produces 
antidepressant responses similar to scopolamine [23]. 
Reinforcing these findings, Witkin, et al. have recently 
shown that mice lacking M1- or M2-ACh receptor do not 
show antidepressant responses following scopolamine 
treatment [73]. Taken together, these studies suggest that 
specific receptor subtypes mediate, in part, the molecular and 
behavioral responses of ketamine and scopolamine (Fig. 2). 

 

Fig. (2). Neurocircuitry in the PFC may facilitate glutamate influx through antagonism of interneurons leading to disinhibition of 
pyramidal neurons. Evidence suggests that interneurons tonically regulate pyramidal neuron activation, thus ketamine or scopolamine may 
target specific NMDA or mACh receptors on particular subsets of interneurons leading to glutamate influx in the PFC and antidepressant 
behavioral effects. 
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ROLE OF INHIBITORY INTERNEURONS IN THE 
PATHOPHYSIOLOGY OF DEPRESSION AND RAPID 
ANTIDEPRESSANT RESPONSES 

 While it is intriguing that specific receptor subtypes may 
mediate some of the rapid antidepressant responses of 
ketamine and scopolamine, it remains unclear if these 
receptors are expressed by distinct neuronal subsets and how 
the microcircuitry of the PFC can promote increased 
glutamate neurotransmission. The rapid and transient glutamate 
burst following ketamine or scopolamine administration 
appears to contradict their role in neurotransmission, because 
they act to antagonize receptors that usually increase neuronal 
activation. Based on these findings it has been postulated 
that interneurons releasing the inhibitory neurotransmitter  
γ-aminobutyric acid (GABA) play an important role in 
mediating glutamate release from pyramidal cells. In 
particular, one current hypothesis is that ketamine and 
scopolamine antagonize specific receptor subtypes on 
inhibitory interneurons that lead to disinhibition of 
glutamatergic pyramidal neurons causing a subsequent 
glutamate burst in the PFC. Understanding the modulation of 
pyramidal neurons in the PFC by interneurons may lend 
insight into the cellular mediators underlying the effects of 
rapid-acting antidepressants. There is also evidence from 
postmortem studies of depressed subjects for alterations in 
the number of GABA interneuron subtypes that further 
elucidate the potential role of these important cells in the 
actions of ketamine and scopolamine. The next sections 
discuss evidence for altered GABA function in depression 
and role of these interneurons in the response to rapid-acting 
antidepressants. 

PFC INTERNEURON DEFICITS IN STRESS AND 
DEPRESSION 

 In the PFC approximately 70-80% of neocortical neurons 
are excitatory pyramidal neurons and the other 20-30% are 
inhibitory interneurons. To a greater extent than pyramidal 
neurons, inhibitory interneurons in the PFC have a variety of 
morphologies and dynamic anatomical connections with 
other neurons that often determine cortical function [74, 75]. 
For example, different subtypes of interneurons express an 
array of peptides (e.g., somatostatin (SST), neuropeptide Y 
(NPY), vasoactive intestinal peptide (VIP)) and calcium-
binding proteins (e.g., parvalbumin (PV), calbindin (CB)) 
[76]. Two distinct subtypes of interneurons are of interest 
based on their location and projection/connection pattern in 
the PFC. The first type, the PV-expressing interneurons, are 
primarily basket or chandelier cells, both expressed 
throughout cortical layers II-VI. While basket cells target the 
cell body and proximal dendrites, chandelier cells target the 
axon segment. In general, PV interneurons are fast-spiking 
interneurons [77]. The second type, the SST-expressing 
interneurons, the Martinotti interneurons, typically inhibit 
the dendritic tufts of pyramidal cells located in cortical layer 
I, where their axons project horizontally enabling one 
interneuron to inhibit the activity of many pyramidal cells 
[78-80]. Compared to the fast-spiking PV interneuron, the 
SST interneurons are more slowly activated and have more 
sustained effects on pyramidal cells [81, 82]. 

 Dysfunction of homeostatic glutamate-GABA signaling 
is thought to underlie many neurological and psychiatric 
diseases. These alterations in glutamate-GABA signaling 
may be related to changes in the function of interneurons. 
Interestingly, histological analyses reveal that subsets of 
interneurons are reduced in the PFC of depressed patients, 
suggesting a key role for interneuron function in the 
pathogenesis of depression [83]. Other findings indicate that 
subsets of interneurons may be altered as down-regulation of 
SST levels has been reported in mood disorders [84]. These 
findings are supported by recent postmortem reports 
showing that depressed subjects have reductions in SST 
mRNA levels in the PFC in the absence of changes in other 
GABA-related genes (i.e., PV, GAD67) [85]. Further, 
transgenic models implicate SST dysfunction in depression 
as inhibition of SST interneurons leads to increased anxiety- 
and depressive-like behaviors [86]. Collectively, these data 
suggest that there are deficits in interneuron function that 
may contribute to the decreased mood and emotionality 
observed in MDD [87]. 

A POTENTIAL ROLE FOR GABAERGIC INTER- 
NEURONS IN THE NEUROPHYSIOLOGICAL AND 
BEHAVIORAL RESPONSES TO RAPID-ACTING 
ANTIDEPRESSANTS 

 Though preclinical studies indicate that mTORC1 
signaling and synaptic plasticity in PFC pyramidal neurons 
underlie the rapid antidepressant responses in rodents, it 
remains unclear which specific cellular targets mediate the 
initial actions of ketamine or scopolamine. The glutamate 
burst in the PFC is likely derived from stimulation of 
pyramidal neurons in this region [88]. Thus, ketamine or 
scopolamine either directly activate pyramidal neurons or do 
so indirectly by inhibition of GABAergic interneuron firing, 
thereby reducing inhibition of pyramidal neurons and 
stimulating glutamate release (Fig. 2). 

Ketamine 

 Direct activation of pyramidal neurons seems paradoxical 
since NMDA receptor antagonists block neuronal activation, 
however, clinical and preclinical studies show that NMDA 
receptor antagonists increase pyramidal neuron activity in 
the PFC [89-92]. These data suggest that in vivo ketamine 
and scopolamine, at the low doses used for clinical and 
preclinical studies, may act via GABA interneurons to 
disinhibit pyramidal neuron firing. In support of this 
possibility, studies in awake rats show that NMDA receptor 
antagonism with MK801 reduce interneuron firing prior to 
increasing pyramidal neuron firing [88]. These findings 
suggest that during basal, resting state conditions, pyramidal 
cell firing is inhibited by presynaptic GABA-releasing inter- 
neurons [93, 94]. Therefore, it is plausible that low-dose 
ketamine can block NMDA receptors on subsets of inter- 
neurons resulting in disinhibition of pyramidal cells causing 
a subsequent glutamate burst within the PFC. 

 The role of NMDA receptors in specific subsets of 
interneurons has not been elucidated fully, however, some 
neurophysiological studies lend insight. Based on spiking 
signatures PFC interneurons appear to express variable 
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levels of NMDA receptors. For instance, fast-spiking 
interneurons (indicative of PV subtypes) have limited 
NMDA currents during patch clamp studies in adult mouse 
cortical slices. In contrast, regular-spiking and low 
threshold-spiking interneurons (characteristic of SST) 
maintained regular NMDA currents in slices from adult 
animals. Furthermore, studies using ifenprodil, a selective 
NR1/NR2B receptor antagonist, reveal that approximately 
50% of NMDA receptors on interneurons contain NR2B 
[95]. These results show that NMDA receptors are enriched 
in putative SST interneurons and roughly half are NR2B-
containing NMDA receptors suggesting that these 
interneurons may be critical to the antidepressant effects of 
ketamine and other NR2B selective compounds. 

 While these studies implicate interneurons in the PFC in 
the effects of ketamine, other reports indicate that ketamine 
causes direct neurophysiological effects on pyramidal 
neurons. For instance, incubation of brain slices with high 
concentrations of ketamine reduces miniature excitatory 
post-synaptic potentials in pyramidal neurons. Following this 
short-term decrement in NMDA receptor activity, field 
potentials of pyramidal neurons in the CA1 region of the 
hippocampus are enhanced (i.e., 1 hour after ketamine) [65, 
96, 97]. These findings suggest that ketamine directly 
influences pyramidal neurons in the CA1 of the HPC, 
however, it is important to consider the region-specific 
neurocircuitry underlying these responses [98]. For instance, 
interneurons in the PFC and HPC provide persistent 
inhibitory tone that is integral to control the excitability of 
pyramidal neurons. In fact, interneurons exhibit more 
frequent spiking activity that promote a depolarized state, 
removing Mg2+ and leaving more NMDA receptor channels 
in the open state. These properties may make NMDA receptors 
on interneurons more sensitive to NMDA receptor antagonism 
particularly at the low ketamine concentrations used to 
produce antidepressant responses [99]. 

Scopolamine 

 Separate findings suggest that comparable cellular 
mechanisms and neurophysiological dynamics are engaged 
following scopolamine. Despite the role of acetylcholine as a 
critical neuromodulator recent studies show that mACh 
receptors in the PFC may not have a prominent role in the 
direct excitation of cortical pyramidal neurons [100]. Prior 
studies have shown using single-cell mRNA analyses that 
pyramidal neurons and interneurons in the PFC express 
varied combinations of mACh receptors, including M1-ACh 
receptor [101]. Expression of M1-ACh receptors on 
pyramidal cells and interneurons in the cortex has been 
confirmed using immunohistology and in situ hybridization. 
The neurophysiological role of mACh receptors on neurons 
remains to be fully elucidated, but evidence indicates that 
M1-ACh receptors modulate both cortical pyramidal and 
interneuron activity [102, 103]. These findings are supported 
by a previous study that infusion of scopolamine increases 
extracellular glutamate in the striatum [104]. On the other 
hand, a recent study analyzing layer V pyramidal neurons 
suggested that less than 10% of the inward current caused by 
acetylcholine can be attributed to mACh receptors [105]. In 
all, these findings suggest that scopolamine may not act 

directly through pyramidal neurons to increase glutamate in 
the PFC. It will be important to further define the interneuron 
subsets that express M1-ACh receptors and determine how 
these interneurons modulate pyramidal neurons following 
scopolamine treatment. 

 As indicated above the distribution and projections of 
interneurons likely play a fundamental role in the 
neurophysiological response following ketamine or 
scopolamine and further analyses of these properties will 
undoubtedly reveal novel drug mechanisms. The influence of 
specific interneuron subtypes in the PFC can be explored 
through genetic or viral-mediated molecular approaches to 
target them selectively. For instance, transgenic mice 
expressing Cre-recombinase in PV or SST interneurons can 
be targeted with optogenetic, designer drug receptors, or 
receptor knockdown constructs to uncover their functions in 
the neurophysiological effects of ketamine and scopolamine. 
Moreover, it remains to be explored whether or not rapid-
acting antidepressants influence the synaptic plasticity of 
interneurons or attenuate their functional deficits in models 
of depression. Other important considerations are fluctuations 
in expression levels of specific NMDA and mACh receptors 
on interneurons or pyramidal neurons in the PFC or HPC 
throughout adolescence and adulthood and how this might 
impact its effectiveness as an antidepressant [96, 106, 107]. 
These fundamental questions will provide important insight 
into the mediators of rapid-acting antidepressants. 

FUTURE DIRECTIONS 

 Despite the efforts to better understand the molecular and 
cellular mechanisms underlying rapid-acting antidepressants 
there is significant work yet to be performed. There is strong 
evidence showing that ketamine and scopolamine cause a 
glutamate burst in the PFC that stimulates molecular 
signaling pathways to promote synapse formation and 
function. The behavioral responses are dependent on this 
synaptic plasticity as these effects reverse the synaptic 
deficits observed following stress and depression. Increased 
synaptic plasticity by ketamine and scopolamine occurs 
following antagonism of NMDA or mACh receptors 
suggesting that transient inhibition of tonic glutamate or 
acetylcholine neurotransmission in the PFC is required 
[108]. Based on these findings it is important to determine 
the neurons that modulate the release of glutamate in the 
PFC and develop tools to control these processes. Additional 
factors such as alterations in dopamine or acetylcholine 
levels in the PFC during stress or depression and in the 
presence of rapid antidepressants need to be examined [28, 
61, 109]. In all, further research into the neurocircuitry of the 
PFC in the presence of rapid-acting antidepressants may 
highlight novel therapeutic targets for pharmacological 
treatment of MDD. 
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