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Abstract

Background: Clinical studies have shown that the rapid antidepressant effect of the glutamate N-methyl-D-aspartate receptor
antagonist ketamine generally disappears within 1 week but can be maintained by repeated administration. Preclinical
studies showed that a single ketamine injection immediately increases the firing and burst activity of norepinephrine (NE)
neurons, but not that of serotonin (5-HT) neurons. It also enhances the population activity of dopamine (DA) neurons. In the
present study, we investigated whether such alterations of monoamine neuronal firing are still present 1 day after a single
injection, and whether they can be maintained by repeated injections.

Methods: Rats received a single ketamine injection or 6 over 2 weeks and the firing activity of dorsal raphe nucleus 5-HT, locus
coeruleus NE, and ventral tegmental area DA neurons was assessed.

Results: One day following a single injection of ketamine, there was no change in the firing activity of 5-HT, NE, or DA neurons.
One day after repeated ketamine administration, however, there was a robust increase of the firing activity of NE neurons and
an enhancement of burst and population activities of DA neurons, but still no change in firing parameters of 5-HT neurons.
The increased activity of NE neurons was no longer present 3 days after the last injection, whereas that of DA neurons was
still present. DA neurons were firing normally 7 days after repeated injections.

Conclusion: These results imply that the enhanced activity of NE and DA neurons may play a significant role in the
maintenance of the antidepressant action of ketamine.
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Introduction

Considerable attention has been dedicated to the glutamate
system as a possible contributor to the antidepressant re-
sponse (Pilc et al., 2013). The most striking breakthrough has
been the discovery of the rapid antidepressant effect of a
single intravenous infusion of subanesthetic doses of the glu-
tamate N-methyl-D-aspartate (NMDA) receptor noncompetitive

antagonist ketamine (Berman et al., 2000; Zarate et al., 2006). This
antidepressant response occurs within hours to a day of a single
dose in about half of patients with treatment-resistant depres-
sion (TRD) (Zarate et al., 2006; Murrough et al., 2013; Sanacora
etal., 2017). The drawback of ketamine, however, is that the anti-
depressant effects of a single dose generally disappear within a
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Significance statement

the antidepressant effect of ketamine.

Clinical studies have shown that the rapid antidepressant effect of a single infusion of ketamine in patients with treatment-
resistant depression disappears within 1 day, and that a repeated thrice-weekly administration prolongs this response. Using
this same paradigm in a longitudinal study, we sought to determine whether repeated administration of ketamine maintained
the immediate increase of dopamine (DA) and norepinephrine (NE) firing activity previously found with a single administration
in rats. Here we showed that although a single-administration regimen did not change the firing activity of serotonin, NE, and
DA neurons, repeated ketamine administration resulted in a robust increase of the firing activity of NE neurons that lasted at
least 1 day and an enhancement of burst and population activities of DA neurons that was still present after 3 days, while the
drug was eliminated. These results indicate that increases in NE and DA neuronal firing activity may play a role in maintaining

week. Several studies have shown, however, that the response
can be sustained and even enhanced with repeated infusions
(Murrough et al., 2013; Krystal et al., 2019; Phillips et al., 2019).
Finally, the response to several infusions can be sustained by
decreasing the frequency of administration over time (Phillips
et al., 2019; Dale et al., 2020).

Animal studies have shown that in rats subjected to
chronic unpredictable mild stress, thrice-weekly adminis-
tration of ketamine produces a long-lasting amelioration in
immobility and sucrose intake, which are respectively modu-
lated by serotonin (5-HT) and dopamine (DA), compared
to when given every day for 3 weeks (Zhang et al., 2015a).
Another study using the forced swim test has shown that a
single ketamine injection induced an increase in the climbing
parameter in the forced swim test in rats, which is regulated
by norepinephrine (NE; Lopez-Gil et al., 2019). These results
indicate that monoamine systems play, at least in part, a role
in the antidepressant-like response to ketamine. It is estab-
lished that monoamine and glutamate systems interact and,
consequently, any ketamine-induced alteration in glutamate
transmission could directly influence monoamine systems
(see Pralong et al., 2002). Behavioral, molecular, and neuro-
chemical studies have shown involvement of monoamines
in the effects of an acute injection of ketamine (Belujon and
Grace, 2014; El Iskandrani et al., 2015; Witkin et al., 2016;
Pham et al., 2017; Fukumoto et al., 2016; Lépez-Gil et al., 2019).
Electrophysiologically, a single injection of ketamine acutely
increases locus coeruleus (LC) NE neurons firing and burst ac-
tivity and ventral tegmental area (VTA) DA neuron population
activity (Belujon and Grace, 2014; El Iskandrani et al., 2015;
Witkin et al., 2016) but not dorsal raphe nucleus (DRN) 5-HT
neurons (El Iskandrani et al., 2015). Functionally, studies have
found that by antagonizing NMDA receptors ketamine re-
sults in incorporation of more a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors in synapses and
an increased AMPA/NMDA-receptor ratio that leads to excita-
tory synapses resulting in an enhanced synaptic potentiation
(Zanos and Gould, 2018).

In light of these data and clinical results showing that thrice
weekly injections of ketamine for 2 weeks maintain its anti-
depressant effect in most TRD patients, the current study had
the following aims: (1) investigating whether a single injection
of ketamine induces changes of the firing activity of mono-
amine neurons that last for at least 1 day, (2) assessing whether
any such effects are sustained over time by repeated injec-
tions according to the schedule used in clinical studies, and (3)
determining the time course for the disappearance of any such
potential effects. These experiments may provide evidence for
the implication the implication of monoamines in maintaining
the antidepressant effects of ketamine.

METHODS

Animals

Male Sprague-Dawley rats, obtained from Charles River (St.
Constant, Quebec, Canada) were used. The rats weighed be-
tween 250 and 340 g at the time of experiments. Rats were kept
in a facility at a constant temperature of 22°C + 2°C and housed
in groups of 2 per cage under standard laboratory conditions
(12:12-h light-dark cycles with access to food and water ad lib-
itum). The rats were not used for a week after arrival to allow for
habituation. Body temperature was maintained at 37°C during
electrophysiological recordings.

Ethics Statement

All animals were handled according to the guidelines of the
Canadian Council on Animal Care (CCAC) and the local Animal
Care Committee (Institute of Mental Health Research, Ottawa,
Canada) approved all protocols.

Drug Administration

Ketamine hydrochloride (ERFA Canada Inc.) was diluted
in 0.9% saline solution and administered intraperitoneally
(ip). Control rats received saline (0.9%, ip). In the single ad-
ministration paradigm, rats received a single ip injection of
ketamine (10 mg/kg), while in the repeated administration
regimen, animals received the same dose of ketamine 3 times
a week (Monday, Wednesday, and Friday, for 2 weeks, as in
clinical studies [Murrough et al., 2013; Phillips et al., 2019]).
Electrophysiological experiments were conducted 1, 3, and
7 days after the last administration.

In Vivo Electrophysiological Experiments

Rats were anaesthetized with chloral hydrate (400 mg/kg ip),
and placed on a stereotaxic frame (David Kopf, CA, USA) with
the skull positioned horizontally. Supplemental doses of an-
esthetic (100 mg/kg ip) were given to maintain constant anes-
thesia and prevent any nociceptive response to palpebral reflex
or pinching of the hind paw (pedal withdrawal reflex). Body
temperature was maintained at 37°C by a thermistor-controlled
heating pad. A burr hole was drilled at the stereotaxic coordin-
ates corresponding to the monoaminergic structure of interest.
The shape and duration of spikes, as well as the frequency of
firing, were used to identify neurons of interest and recorded
using the Spike2 program (Cambridge Electronic Design,
Cambridge, UK).

Extracellular recordings of 5-HT, NE, and DA neurons were
performed using single-barrel glass micropipettes (Stoelting,
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IL, USA) prepared using a pipette puller (Narishige, Japan) and
filled with 2 M NaCl solution at an impedance range of 2-4 MQ.
For every brain structure, several electrode descents were car-
ried out to record a maximum of neurons. Firing rate, number of
neurons firing in burst mode, percentage of spikes in burst, and
number of neurons per track were determined.

Recording of DRN 5-HT Neurons

A single-barrel glass micropipette was positioned 0.9-1.2 mm
anterior to lambda, on the midline, and lowered into the DRN,
usually attained at a depth of 4.5-5.5 mm from the brain
surface. The presumptive 5-HT neurons were identified ac-
cording to the following criteria: a slow (0.5-2.5 Hz), regular
firing rate, long duration (2-5 milliseconds) bi- or triphasic
extracellular waveform (Aghajanian and Vandermaelen,
1982).

Recording of LC NE Neurons

LC NE neurons were recorded with a single-barrel glass micro-
pipette positioned at 1.1-1.2 mm posterior to lambda and 0.9-
1.3 mm from the midline suture and at a depth of 4.5-6.0 mm
from the surface of the brain. NE neurons were identified by
their regular firing rate (0.5-5 Hz), a biphasic action potential
of long duration (~2 milliseconds), and a characteristic burst
discharge followed by a quiescent period in response to a noci-
ceptive pinch of the contralateral hind paw (Marwaha and
Aghajanian, 1982).

Recording of VTA DA Neurons

The number of spontaneously active DA neurons found per
track was determined by recording multiple tracks in a grid
of 7-9 tracks per rat. Descents were separated by 100 pm
and carried out according to the following coordinates from
lambda: anterior to posterior: 3.1 to 3.3 mm and 0.7-1.0 mm
lateral to the midline and lowered to a depth of 6.5-9 mm
from the surface of the brain. The presumed DA neurons
were identified by well-established electrophysiological cri-
teria (Ungless and Grace, 2012), including the following: (1)
regular or irregular single spiking pattern that may include
burst firing with a rate between 2 and 10 Hz; (2) biphasic
or triphasic waveforms, with an initial positive deflection
(usually notched) followed by a prominent negative phase,
with a duration >1.1 milliseconds from start to trough of the
waveform; (3) long-duration action potentials (2.5-4 millisec-
onds), and (4) low-pitch sound when monitored by an audio
amplifier.

Burst Analysis

Firing activity of monoaminergic neurons was analyzed using
spike-sorting software (www.github.com/nno/birstidator/re-
leases). For burst activity, the start of a burst was indicated
by the occurrence of 2 spikes with interspike intervals (ISI)
<0.08 second for NE and DA neurons and <0.01 second for
5-HT neurons. The termination of a burst was defined as an
ISI >0.16 second for NE and DA (Grace and Bunney, 1983) and
ISI >0.01 second for 5-HT neurons (Hajos and Sharp, 1996).

Statistical Analysis

Data are presented as mean values + SEM. Statistical comparisons
between control and ketamine groups were carried out using the
two-tailed t test when normality passed with the Shapiro-Wilk
test. When the normality test failed, the nonparametric Mann-
Whitney test was utilized. This test is based on comparing the
medians of the groups, and these were added in the tables and
figures where it applies. Histograms with individual data were
constructed with scripts using matplotlib and seaborn pack-
ages in Python 3.7 (Python Software Foundation, Oregon, USA).
Statistical comparisons were done using the software SigmaPlot
12.5 (Systat Software Inc, California, USA).

RESULTS

Because monoamine systems are involved in the antidepressant-
like effects of ketamine, we tested whether a single ketamine ad-
ministration can induce a change in the activity of 5-HT, NE, and
DA neurons that would persist for at least 1 day, and whether
repeated injections would prolong such effects. The following
2 experimental groups were used in this study: (1) a single-
administration group whereby ketamine was injected once at a
dose of 10 mg/kg (ip) and recordings were carried out 1 day later,
and (2) a repeated administration group whereby ketamine was
administered 3 times a week (Monday, Wednesday, and Friday)
for 2 weeks, and recordings were made 1 day after the last injec-
tion and 3 and 7 days later in cases where significant changes
occurred. Detailed statistical analyses are included in Tables 1-3.

Effects of Single and Repeated Administration of
Ketamine on DRN 5-HT Neurons

One day after a single administration of ketamine, there was no
significant difference in the mean firing rate of 5-HT neurons in
rats that received ketamine versus control animals (P = .2; Table
1A; Figure 1A). Also, there was no change in the percentage of
5-HT neurons firing in bursts (P = .8; Table 1A, Figure 1A).

Table 1. Effect of acute (A) and repeated (B) administration of ketamine on discharge parameters of DRN 5-HT neurons 1 day after last injection.

Firing activity (Hz) Burst activity (% neurons firing in burst)

Mean Median Mean Median Rats, n Neurons, n
A. Single regimen
Control (day 1) 1.28 +0.07 1.15 1.06* 18.57 +2.93 _ 7 104
Ketamine (day 1) 1.18 £ 0.08 19.57 + 4.05° _ 7 101
B. Repeated regimen
Control (day 1) 1.24 + 0.08 1.15 0.91¢ 184271 _ 5 81
Ketamine (day 1) 1.10 £ 0.09 17.8 + 4.31¢ _ 6 87

Results are expressed as mean + SEM. Median values were also shown when Mann-Whitney test was used. (A) Firing activity, ®Mann-Whitney test, U = 4725, P = .2. Burst
activity, "Two-tailed t test, t(12) = -0.2, P = .8. (B) Firing activity: ‘Mann-Whitney test, U = 2962, P = .08; Burst activity: Two-tailed t test, t(9) = 0.1, P = .9.
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Table 2. Effect of acute (A) and repeated (B) administration of ketamine on discharge parameters of LC NE neurons 1 and 3 days after last in-
jection.

Firing activity (Hz) Burst activity (% neurons firing in burst)

Mean Median Mean Median Rats, n Neurons, n

A. Single regimen

Control (day 1) 1.57 +0.09 1.33 38.20 + 6.41 _ 5 84
Ketamine (day 1) 1.60 + 0.08 1.622 28.40 + 6.04° _ 5 83

B. Repeated regimen

Control (day 1) 1.58 +0.08 1.47 33.60 + 6.87 _ 5 90
Ketamine (day 1) 2.41+0.12 2.29¢ 54.40 + 8.77¢ _ 5 69

Control (day 3) 1.64 + 0.08 1.60 35.17 £ 6.12 _ 6 67
Ketamine (day 3) 1.54 +0.08 1.40¢ 37.80 + 4.96¢ _ 5 67

Results are expressed as mean + S.E.M. Median values were also shown when Mann-Whitney test was used. (A) Firing activity: ®Mann-Whitney test, U = 3271, P =.5.
Burst activity: *Two-tailed t test, t(8) = 1.1, P =.3. (B) Firing activity: ‘Mann-Whitney test, U = 1471, P <.001; ‘Mann-Whitney test, U = 2036, P =.4. Burst activity: “Two-tailed
t test, t(8) = -1.9, P =.1; Two-tailed t test, t(9) = -0.3, P =.8. * indicate significant statistical difference with P <.05.

Table 3. Effect of acute (A) and repeated (B) administration of ketamine on discharge parameters of VTA DA neurons 1, 3 and 7 days after last
injection.

Burst activity (% spikes in Population activity (number of

Firing activity (Hz) burst) neurons/track)

Mean Median Mean Median Mean Median Rats, n Neuron, n
A. Single regimen
Control (day 1) 4.28 +0.19 4.16 33.83 +£3.39 22.38 1.98 £ 0.18 _ 6 87
Ketamine (day 1) 4.30+0.19 4.162 34.41 + 3.56 28.41° 1.47 £0.19¢ _ 6 68
B. Repeated regimen
Control (day 1) 4.45 +0.20 _ 24.66 + 3.19 14.69 1.50 £ 0.14 6 74
Ketamine (day 1) 4.82 £0.15¢ _ 32.91+2.82 26.45¢* 2.19 + 0.09* _ 5 86
Control (day 3) 3.81+0.18 3.57 21.39+3.01 11.47 1.11 £ 0.07 1.11 7 69
Ketamine (day 3) 4.37 £0.20 4.37¢ 34.71+3.05 29.61" 2.25+0.35 2.14 5 96
Control (day 7) 4.07 +0.23 _ 30.17 +3.27 18.67 1.36 £ 0.12 6 75
Ketamine (day 7) 4.13 £ 0.23f _ 31.52 +3.56 19.54! 1.44 +0.11 6 66

Results are expressed as mean + SEM. Median values were also shown when Mann-Whitney test was used. (A) Firing activity: *Mann-Whitney test, U = 2891, P = .8;
Burst activity: "Mann-Whitney test, U = 2597, P = .9; Population activity: “Two-tailed t test, t(10) = 2, P = .08. (B) Firing activity: ¢Two-tailed t test, t(158) = -1.4, P = .2;
eMann-Whitney test, U = 2793, P = .09; ‘Two-tailed t test , t(139) = -0.47, P = .6. Burst activity: 8Mann-Whitney test, U = 2381, P = .01; "Mann-Whitney test, U = 2268, P =.01;
iMann-Whitney test, U = 2092, P = .9. Population activity: 'Two-tailed t test , t(9) = -3.9, P = .003; *Mann-Whitney test, U = 3.5, P = .02; 'Two-tailed t test , t(10) = -0.5, P =.7.
* indicate significant statistical difference with P < .05.

One day after repeated administration of ketamine, there
was still no significant difference compared with controls in the
mean firing rate of 5-HT neurons (P = .08; Table 1B, Figure 1B) or
the number firing in burst mode (P = .9; Table 1B, Figure 1B).

Effects of Single and Repeated Administration of
Ketamine on LC NE Neurons

As illustrated in Figure 2A and shown in Table 2A, the mean
firing rate of NE neurons and the percentage of those firing in
burst mode was not significantly altered 1 day after a single ad-
ministration of ketamine (P =.5 and .3, respectively).

The mean firing rate of NE neurons was significantly in-
creased by 53% 1 day after repeated administration of ketamine
(P < .001; Table 2B; Figure 2B). This enhancement was no longer
present 3 days after last injection (P = .4; Table 2B; Figure 2B).
Despite an increase of 62% in the ketamine group compared to
controls, the percentage of NE neurons firing in burst mode was
not statistically significant after 1 day and remained at control
level 3 days after multiple injections (P = .1 and P = .8, respect-
ively; Table 2B; Figure 2B).

Effects of Single and Repeated Administration of
Ketamine on VTA DA Neurons

One day after a single administration of ketamine, neither the
firing rate (P = .8; Table 3A; Figure 3A) nor the percentage of spikes
occurring in bursts (P = .9; Table 3A; Figure 3A) were significantly
different in rats that received ketamine compared to controls.
The number of spontaneously firing DA neurons encountered
per track (population activity) was also unaltered 1 day after a
single administration of ketamine (P = .08; Table 3A,; Figure 3A).
As illustrated in Figure 3B and shown in Table 3B, following
6 repeated administrations of ketamine, there was no alteration
of the firing activity of DA neurons 1 day after the last injection
(P = .2). However, this same regimen induced a significant 33%
increase in the percentage of spikes occurring in bursts (P = .01).
This burst activity was further enhanced to 62% after 3 days
(P =.01), but was no longer present after 7 days (P = .7). The mean
number of spontaneously firing DA neurons recorded per track
was increased by 46% after 1 day and by 103% after 3 days (P =.003
and P = .02, respectively). These marked enhancements were no
longer present 7 days after the last injection of ketamine (P =.7).
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Figure 1. Effects of a single (A) and repeated (B) administration of ketamine
(10 mg/kg/day) on DRN 5-HT neurons firing and burst activity 1 day after the last
injection. Each dot indicates a value for an individual data point. Histograms
show data as mean values + SEM. Statistical significance is indicated where it
applies.

Discussion

There is ample evidence supporting the notion that an en-
hancement of 5-HT transmission can exert a significant role
in antidepressant-like responses of various pharmacological
and brain stimulation strategies. One parameter that can con-
tribute to an enhancement of 5-HT transmission is an increase

of the firing activity of 5-HT neurons above their baseline, as
was documented with agomelatine, bupropion, mirtazapine,
and vagus nerve stimulation (Blier and El Mansari, 2013). The
results of the present experiments indicate that ketamine did
not significantly alter the firing rate of 5-HT neurons in the rat
DRN 24 hours after a single injection, which is consistent with
an unaltered extracellular level of 5-HT in the mouse DRN, but
unexpectedly not with a concomitant suppressed firing of 5-HT
neurons (Pham et al., 2017). The current observations taken
together with the unmodified firing activity of 5-HT neurons
within 2 hours after single administration indicate that keta-
mine, despite its moderate affinity for the 5-HT transporter
(Martin et al., 1990; El Iskandrani et al., 2015) does not inhibit
5-HT reuptake to a significant extent in the DRN sufficiently
to inhibit firing, as SSRIs do. Repeated administration of keta-
mine for 2 weeks also did not modify this parameter. These
results stand in contrast with the enhanced c-fos expression in
DRN 5-HT neurons following systemic administration of keta-
mine and its microinjection in mouse medial prefrontal cortex
(mPFC; Fukumoto et al., 2016).

The seemingly unaltered firing activity of 5-HT neurons
does not, however, eliminate the possibility that the 5-HT
system is a contributor to the antidepressant response of
ketamine, because in the mPFC, a single subcutaneous injec-
tion of ketamine enhances the extracellular 5-HT level after
1 day (Pham et al., 2017). In this same brain region, it was also
found that a single injection of ketamine increased 5-HT-in-
duced excitatory potentials 1 day after its administration (Li
et al.,, 2010). Furthermore, it was reported that 5-HT synthesis
inhibition using para-chlorophenylanine prevented the de-
crease in immobility in the forced swim test produced 1 day
after a single administration of ketamine (Gigliucci et al., 2013;
Fukumoto et al., 2016; Pham et al., 2017). Although the present
results showed that 5-HT neuronal activity was unaltered, it is
interesting that the latter did not decrease after either single
or repeated administration of ketamine, whereas medications
such as 5-HT reuptake inhibitors and monoamine oxidase in-
hibitors that indirectly activate 5-HT,, autoreceptors initially
inhibit this activity. Clearly, the present results showed that an
increase in the firing activity of DRN 5-HT neurons did not play
a role in maintaining the antidepressant effect of ketamine.
Therefore, net 5-HT transmission will have to be assessed in
postsynaptic brain structures, as all antidepressant treatments
studied so far showed an enhancement of tonic activation of
the 5-HT,, receptors of hippocampus CA3 pyramidal neurons
(Blier and El Mansari, 2013).

Various strategies used to treat MDD can enhance
noradrenergic transmission, as is the case for the 5-HT system.
For instance, long-term administration of mirtazapine, as well
as prolonged vagus nerve stimulation, enhance the firing rate
of NE neurons above their baseline (Haddjeri et al., 1997; Manta
et al., 2013). Prior results showed that the mean firing rate of NE
neurons was increased and the percentage of neurons firing in
bursts was doubled 30 minutes to 2 hours after a single keta-
mine injection. As well, the firing rate of NE neurons was still ele-
vated immediately after 3 daily injections, but the percentage of
neurons firing in bursts was no longer enhanced (El Iskandrani
et al,, 2015). In the current experiments, 24 hours after such a
single dose of ketamine, the NE neuronal firing and burst ac-
tivity was no longer enhanced. In contrast, 24 hours after a
thrice weekly regimen of ketamine over 2 weeks, the firing rate
of NE neurons was significantly increased, but dissipated three
days after the last injection. These results indicate that repeated
administration of ketamine can sustain an enhancement of NE
neuronal firing by ketamine after its washout.



A. Single regimen

Firing activity

Firing rate of NE neurons (Hz)

5 =

Repeated Ketamine on Monoamine Neurons Activity | 575

B. Repeated regimen

[ Control
Il Ketamine

0 -
1 day 3 days
Burst activity

% 80— 80 = °
S

2

=

x

2 60 = N 60 =

(72}

c

o .

-

°==’ 40 = T ° 0= =
= ole ) I'

@ -

)

g 204| . 20 =

0

E [ )

o
a

0= 0~
1 day 1 day 3 days

Figure 2. The effects of a single (A) and repeated (B) administration of ketamine (10 mg/kg/day) on LC neurons firing and burst activity 1 and 3 days after the last in-
jection. Experiments are carried out until significant effects on firing and burst activity disappear. Each dot indicates a value for an individual data point. Histograms
show data as mean values + SEM. Medians are indicated in dashed lines when Mann-Whitney test was used. Statistical significance is indicated where it applies. *P <

.05 when compared to control.

The enhancement of the firing activity of NE neurons by
ketamine is unlikely due to a direct blockade of NMDA receptors
in the LC because local application of the NMDA antagonist AP-5
does not alter the baseline firing activity of LC NE neurons (Jodo
and Aston-Jones, 1997). Rather, it is likely that the increase in
firing of NE neurons by ketamine results from accrued activity

at AMPA receptors, because this rapid enhancement of firing is
prevented by systemic administration of the AMPA antagonist
NBQX (El Iskandrani et al., 2015). These receptors may be located
within the LC, because local application of AMPA itself and
AMPA receptor agonists in the LC enhance the firing, but not the
burst activity, of NE neurons (Olpe et al., 1989; Rasmussen et al.,
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1996). The increased firing activity of NE neurons could also
be mediated through excitatory glutamatergic afferents to the
LC (Szabadi, 2013). Specifically, it was reported that ketamine,

by blocking NMDA receptors on GABA neurons, increases the
firing activity of mPFC pyramidal neurons (Jackson et al., 2004;
Homayoun and Moghaddam, 2007), and presumably results in

Figure 3. The effects of a single (A) and repeated (B) administration of ketamine (10 mg/kg/day) on VTA DA neurons firing, burst and population activity, 1, 3 and 7 days
after the last injection. Experiments are carried out until significant effects on firing and burst activity disappear. Each dot indicates a value for an individual data
point. Histograms show data as mean values + SEM. Medians are indicated in dashed lines when the Mann-Whitney test was used. Statistical significance is indicated
where it applies. * P < .05 when compared to control.



enhanced activity of NE neurons (Jodo et al., 1998). This possi-
bility is supported by the observation that this enhancement
of activity is absent in rats anesthetized with ketamine, where
the frontal cortex rather exerts an inhibitory influence on NE
neuronal firing (Sara and Hervé-Minvielle, 1995). Whether this
increase in activity is due to enhancement in AMPA or a pro-
longed blockade of NMDA in the mPFC remains to be elucidated.
Altogether, the present results showed that repeated adminis-
tration of ketamine can sustain an increase in the firing rate of
NE neurons and that it may play a role in maintaining the anti-
depressant response to ketamine.

It is now well documented that shortly after an acute in-
jection of ketamine there is an increase in population activity
of VTA DA neurons, without any alteration of their mean firing
rate or burst activity in naive rats (El Iskandrani et al., 2015;
Witkin et al., 2016) and a restoration of DA neuron popula-
tion activity in a behavioral model of depression (Belujon and
Grace, 2014). This escalation of activity in the VTA is mediated
by AMPA receptors since prior systemic injection of NBQX
prevents the enhancement (El Iskandrani et al., 2015; Witkin
et al., 2016). In the current experiments, such an increase was
no longer present 24 hours after a single injection, thus sug-
gesting that the prompt rise in population activity was not
sustained over time at least in naive rats. This enhancement
was, however, sustained after 24 hours postinjection in help-
less Wistar-Kyoto rats (Belujon and Grace, 2014). This discrep-
ancy may have stemmed from the fact that helpless rats used
in the latter study presented dampened DA neuron popula-
tion activity at baseline. Similarly, 3 consecutive injections
of ketamine in helpless rats increased population activity of
DA neurons after 1 day (Belujon et al., 2014), although it did
not do so in naive rats (El Iskandrani et al., 2015). As shown
herein in these rats, however, 6 injections repeated over 2
weeks increased DA neuron population activity for 3 days
after the last administration. These results indicate that the
increase in burst and population activity of DA neurons re-
quired longer term administration to reliably manifest itself,
at least in naive rats. In addition, once this upregulation is
consolidated, it was sustained for at least 3 days after the last
injection following a schedule of injections used in the clinic
(Phillips et al., 2019).

The increases in DA neurons population and burst activity
are controlled by different mechanisms. On the one hand, an
enhancement in population activity is regulated by the ven-
tral subiculum (vSub) since its activation by infusion of NMDA
in that structure induces an increase in such population ac-
tivity, but not bursting activity. On the other hand, activation
of the pedunculopontine tegmental nucleus (PPTg) by local
application of NMDA in that structure results in a significant
increase in DA neuronal burst firing, but not population ac-
tivity. Furthermore, both parameters are increased when vSub
and PPTg are coactivated (Lodge and Grace, 2006). Accordingly,
since ketamine is a noncompetitive NMDA receptor antag-
onist, its blockade of NMDA receptors resulting from sys-
temic administration should have produced a decrease rather
than the observed increase in population and burst activities.
Instead, at least the increase in burst activity observed herein
after 2 weeks with 6 repeated injections of ketamine may have
stemmed from a direct effect on DA neurons. Indeed, direct ac-
tivation of AMPA and NMDA receptors plays a role in increasing
burst activity of VTA DA neurons (Chergui et al., 1993; Zhang
et al,, 1997; Zakharov et al., 2016). Since ketamine blocks NMDA
receptors yet increases AMPA receptors throughput, the latter
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action was hypothesized to underlie its antidepressant ef-
fect (Zarate and Machado-Vieira, 2016); it is possible that the
ketamine-induced increase in burst activity is due to an in-
crease in AMPA receptor density. It is also conceivable that the
maintenance of the increase in burst activity for 3 days after
ketamine has long been eliminated (Sato et al., 2004; Mion and
Villevieille, 2013) may be due to a sustained enhancement of
AMPA GluA1l subunits within the VTA itself. Whether there is
an increase of AMPA signaling in the VTA by ketamine remains
to be investigated. However, the increase in AMPA GluA1l sub-
units in the medial prefrontal cortex and dentate gyrus was
shown to be present 8 days following a single systemic injec-
tion in mice subjected to the social defeat paradigm (Zhang
et al., 2015b). It is thus possible that such a phenomenon may
have maintained the increase in burst and population activity
of DA neurons seen in the present experiments after ketamine
was no longer present.

Given that cocaine and ketamine both impact the DA
system, it is important to consider similarities and differences
between both agents. Although a single cocaine exposure in-
creases burst activity of VTA DA neurons for up to 5 days, this
effect was abolished by the NMDA receptor antagonist MK-801
(Creed et al., 2016), suggesting that NMDA receptor activation
is necessary to induce changes in activity. However, in the case
of ketamine herein, when NMDA receptors had been blocked
by ketamine, there was still an increase in burst activity but
that only lasted 3 days, presumably through an action on
AMPA receptors (see discussion above). In addition, a single co-
caine administration increases the rate of firing activity of DA
neurons, but ketamine did not, as shown here. Finally, while
repeated ketamine exposure increased the population activity
of DA neurons, previous studies had shown that repeated co-
caine decreased population activity 14 days after the last injec-
tion (Ackerman and White, 1992; Shen et al., 2007). Altogether,
these discrepancies do not suggest a common mechanism of
action between cocaine and ketamine. Whether ketamine has
addictive effects still needs to be properly assessed in a para-
digm of self administration. On the clinical side, so far there
has been no study showing addictive properties of ketamine
administered at low doses in a monitored environment for the
treatment of depression.

In summary, the current study documented an increase in
firing of NE neurons by repeated ketamine administration that
persisted at least for 1 day, and a sustained enhancement of
population and burst activity of DA neurons that lasted, respect-
ively, 1 and 3 days. It is intriguing that these brain adaptions
induced by ketamine would persist for days while the drug is
rapidly eliminated. Consequently, these monoaminergic alter-
ations produced by ketamine appear more consistent with the
maintenance than the immediate manifestation of its anti-
depressant response.
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