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Abstract

Background: The reticular thalamus gates thalamocortical information flow via finely tuned inhibition of thalamocortical cells in the mediodorsal
thalamus. Brain imaging studies in humans show that the psychedelic lysergic acid diethylamide (LSD) modulates activity and connectivity within the
cortico-striato-thalamo-cortical (CSTC) circuit, altering consciousness. However, the electrophysiological effects of LSD on the neurons in these brain
areas remain elusive.

Methods: We employed in vivo extracellular single-unit recordings in anesthetized adult male mice to investigate the dose-response effects of
cumulative LSD doses (5-160pg/kg, intraperitoneal) upon reticular thalamus GABAergic neurons, thalamocortical relay neurons of the mediodorsal
thalamus, and pyramidal neurons of the infralimbic prefrontal cortex.

Results: LSD decreased spontaneous firing and burst-firing activity in 50% of the recorded reticular thalamus neurons in a dose-response fashion
starting at 10pg/kg. Another population of neurons (50%) increased firing and burst-firing activity starting at 40pg/kg. This modulation was
accompanied by an increase in firing and burst-firing activity of thalamocortical neurons in the mediodorsal thalamus. On the contrary, LSD excited
infralimbic prefrontal cortex pyramidal neurons only at the highest dose tested (160ug/kg). The dopamine D2 receptor (D,) antagonist haloperidol
administered after LSD increased burst-firing activity in the reticular thalamus neurons inhibited by LSD, decreased firing and burst-firing activity in
the mediodorsal thalamus, and showed a trend towards further increasing the firing activity of neurons of the infralimbic prefrontal cortex.
Conclusion: LSD modulates firing and burst-firing activity of reticular thalamus neurons and disinhibits mediodorsal thalamus relay neurons at least
partially in a D,-mediated fashion. These effects of LSD on thalamocortical gating could explain its consciousness-altering effects in humans.
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Introduction

The cortico-striato-thalamo-cortical (CSTC) circuit represents
one of the potential neural circuits of consciousness, by taking
part in the generation of arousal, attention, and emotions via gat-
ing thalamocortical information flow (Alkire et al., 2008; Crick,
1984; Geyer and Vollenweider, 2008; Ward, 2011). Several psy-
chiatric disorders, including schizophrenia (SCZ), obsessive—
compulsive disorder (OCD) and neurodevelopmental disorders
such as autism spectrum disorder (ASD), present dysfunctions of
one or more nodes of the CSTC circuit (Ferrarelli and Tononi,
2011; Krol et al., 2018; Zikopoulos and Barbas, 2012), and are
underlined by thalamocortical dysrhythmia (Schulman et al.,
2011). In this work, we focused on the reticular thalamus, a thin
sheet of GABAergic neurons which surrounds the thalamus and
keeps thalamocortical relay cells under tight inhibitory control,
selectively releasing them from inhibition to integrate and pro-
cess incoming stimuli (McAlonan et al., 2000; Pinault, 2004).
Human imaging studies have shown that psychedelic com-
pounds, including the semi-synthetic ergosterol lysergic acid

diethylamide (LSD), profoundly alter CSTC circuit information
flow. Specifically, LSD modulates cortico-striato-thalamic
connectivity (Muller et al., 2017; Preller et al., 2019; Vlisides
et al., 2017), eliciting a state of increased brain entropy (Carhart-
Harris et al., 2014). The psychedelic LSD produces an alteration
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of consciousness, increased sensory processing, pseudo-halluci-
nations, thinking expansion, and depersonalization (reviewed in
De Gregorio et al., 2016a), thus representing an ideal pharmaco-
logical tool to understand the neuronal mechanism of altered
states of consciousness as well as psychosis.

A paucity of studies has so far investigated the effects of LSD
on the CSTC circuit in animal models, an endeavor which could
help shed light on the neural mechanisms underlying the pro-
found changes in network activity and connectivity observed in
human imaging studies in response to psychedelic compounds
(Vollenweider and Preller, 2020), and which might shed light on
potential novel treatments for thalamocortical dysrhythmia and
altered thalamic gating in psychiatric disorders such as SCZ and
ASD (Orekhova et al., 2008; Schulman et al., 2011; Tregellas
et al., 2007). In the present study, performing a series of extracel-
lular in vivo electrophysiological experiments, we investigated
whether acute cumulative doses of LSD affect the spontaneous
neuronal activity of GABAergic neurons of the reticular thala-
mus (primary outcome measure), thalamocortical relay neurons
of the mediodorsal nucleus of the thalamus, and pyramidal neu-
rons of the infralimbic prefrontal cortex (IL-PFC) (secondary
outcome measures). In addition, given that dopamine antagonists
can be used for treating LSD-induced psychosis, and given that
they modulate reticular thalamus burst-firing and spindle activ-
ity, normalizing thalamocortical neurotransmission in SCZ
patients (Ferrarelli and Tononi, 2011), we assessed whether the
dopamine 2 receptor (D,) antagonist haloperidol administered
following cumulative doses of LSD reverses the effects of the
drug in the brain regions of interest (secondary outcome
measure).

Materials and methods

All procedures were approved by the McGill University Ethics
Committee (Protocol 5764) and are in line with the Canadian
Institute of Health Research for Animal Care and Scientific Use,
and the Animal Care Committee of McGill University. All efforts
were made to minimize animal suffering.

Animals

Adult male C57/BL6 mice (Charles Rivers, Saint-Constant,
Quebec, Canada) (N=30) specific pathogen-free, aged 60—
70 days were housed under standard laboratory conditions with a
12h light—dark cycle (lights off at 19:00h) with ad libitum access
to food and water, enriched with nesting material. Animals were
housed in a maximum number of five per cage. All experiments
were performed between 09:00h and 17:00h to avoid concerns
regarding the light—dark phase switch.

Drugs

LSD (Sigma-Aldrich, London, UK), was dissolved in a 0.9%
NaCl vehicle (VEH) solution and injected intraperitoneally
(i.p.). Cumulative doses of 5, 10, 20, 40, 80, and 160 ng/kg were
administered acutely in dose—response experiments. The doses
were chosen based on our previous work in which we found a
D, involvement at high doses (De Gregorio et al., 2016b). The
D, receptor antagonist haloperidol (Sigma-Aldrich, Oakville,
ON, Canada) was dissolved in a solution of 0.039% of

2-hydroxypropyl-y-cyclodextrin in 0.9% NaCl (De Gregorio
et al., 2016b).

In vivo electrophysiology

Mice were anesthetized with urethane (1.2 g/kg, 10 mL/kg injec-
tion volume, i.p.), and placed on a stereotaxic apparatus (David
Kopf Instruments, Tujunga, CA, USA). Deep anesthesia was
confirmed regularly by the absence of whisker movement and
absence of response to toe pinch. To maintain an appropriate
depth on the anesthesia plane, supplemental doses of urethane
(10% of the initial dose, i.p.) were administered as needed.
Recordings were performed using single-barreled glass micropi-
pettes pulled from 2-mm Stoelting (Wood Dale, IL, USA) capil-
lary glass on a Narashige (Tokyo, Japan) PE-21 pipette puller.
For recordings of reticular thalamus GABAergic neurons, the
micropipettes were filled with 2% pontamine sky blue dye
dissolved in 2M sodium acetate at final pH of 7.5 (Ochoa-
Sanchez et al., 2011). For recordings of thalamocortical relay
neurons of the mediodorsal thalamus, and for recordings of
pyramidal IL-PFC neurons, the micropipettes were filled with
2% Pontamine sky blue dye dissolved in 2M sodium chloride
(De Gregorio et al., 2016b). The micropipette tips were broken
down to diameters of 1-3 pm to reach an electrode impedance of
1-3 MQ. Single-unit activity was recorded as action potentials
captured by a software window discriminator, amplified by an
AC Differential MDA-3 amplifier (BAK Electronics, Inc., FL,
USA), post-amplified and band-pass filtered by a Realistic 10
band frequency equalizer, digitized by a CED 1401 interface
system (Cambridge Electronic Design, Cambridge, UK), pro-
cessed online, and analysed off-line using Spike2 software ver-
sion 5.20 for Windows. Upon recordings termination, and
following anesthetic overdose, Pontamine sky blue dye was ion-
tophoretically injected by passing a constant positive current of
25puA for 10min through the recording pipette to mark the
recording site. Subsequently, mice were decapitated, and their
brains removed and stored at —80°C. Localization of the record-
ing site was performed by cutting 20 um-thick brain sections
using a microtome (Leica CM 3050 S), until the blue dot was
recognizable to the naked eye. Anatomical localization of
recording electrode placement was confirmed with a microscope
(Olympus U-TVO.5 X C-3). Recordings outside the areas of
interest (n=3) were excluded for all subsequent analyses. One
neuron per animal was tested. For each neuron/treatment, the
burst-firing parameters analyzed were (a) the number of bursts
in 100s, (b) the % of burst-firing, (c) the number of spikes per
burst, (d) the mean intraburst frequency, and (e) the burst length.
Once a stable neuron was found, baseline firing rate was
recorded for at least S5min, and VEH, followed by LSD at
increasing cumulative doses (5-160 pg/kg), was injected i.p. at
5-min intervals. The D, receptor antagonist haloperidol (150 pug/
kg, i.p.) was administered 10 min after the highest dose of LSD,
and the activity of the neuron was recorded for additional 10 min.

Recording of reticular thalamus GABAergic
neurons
In vivo single-unit extracellular recordings of GABAergic reticu-

lar thalamus neurons were performed following our and others’
previous work (Ochoa-Sanchez et al., 2011; Steriade et al., 1991).
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Briefly, the electrode was advanced slowly into the rostral reticu-
lar thalamus, guided by coordinates from the Franklin and Paxinos
mouse brain atlas : —0.5 to —0.8 mm anteroposterior (AP) relative
to Bregma, 0.8—1.2mm mediolateral relative to the midline, 2.7—
4mm dorsoventral, relative to the dura mater (Franklin, 2008).
These coordinates were chosen to target the rostral part of the
reticular thalamus (Lee et al., 2019), which represents the limbic
part of the reticular thalamus. This specific region receives projec-
tions from the striatum and medial prefrontal cortex (mPFC)
(Cornwall et al., 1990; Zikopoulos and Barbas, 2006), projects to
the rostral mediodorsal thalamus (Groenewegen, 1988), and in
turn receives axon collaterals from the same thalamocortical
nuclei that it inhibits (Pinault and Deschénes, 1998).

Reticular thalamus neurons were recognized by a low range
frequency (0.5-4 Hz), and a faster firing rate (7—14 Hz) (Ochoa-
Sanchez et al., 2011; Steriade et al., 1991), an action potential
duration of 2ms and an amplitude of 0.4mV (Ochoa-Sanchez
et al., 2011). Moreover, reticular thalamus neurons were recog-
nized by their long burst (50 ms) and accelerando-decelerando
burst-firing pattern (Domich et al., 1986; Fuentealba et al.,
2004). The burst of reticular thalamus cells consisted of a dis-
charge of at least four spikes (Contreras et al., 1993), with an
onset defined by a maximum interspike interval 20ms and a
preburst and postburst interval 100ms (Domich et al., 1986).
The longest interval allowed within a burst was 70 ms to include
the tonic tail, which is merely the end of a spike barrage (Domich
et al., 1986).

Recording of mediodorsal thalamus relay
neurons

In vivo single-unit extracellular recordings of thalamocortical
relay neurons of the mediodorsal thalamus were performed as
previously described (Copeland et al., 2015) with modifications.
Briefly, the electrode was advanced slowly into the mediodorsal
thalamus, guided by coordinates from the Franklin and Paxinos
mouse brain atlas (Franklin, 2008); —1.3 to —1.8 mm AP relative
to Bregma, 0.1-0.5 mm mediolateral relative to the midline, 2.7—
3.5mm dorsoventral relative to the dura mater.

This area corresponds to the rostral portion of the mediodor-
sal thalamus, which receives GABAergic inhibitory input from
the rostral reticular thalamus and sends excitatory input to the
mPFC (Groenewegen, 1988; Krettek and Price, 1977).
Thalamocortical relay cells were identified based on their firing
rate of 0.5-4 Hz (Huh and Cho, 2013; Santana et al., 2011; Sittig
and Davidowa, 2001), long action potentials lasting 2 ms (Santana
et al., 2011), and their firing pattern, mostly characterized by
bursting activity during sleep and urethane anesthesia (Huh and
Cho, 2013), which switches to tonic firing every few hundred
milliseconds to a few seconds (Ramcharan et al., 2000; Wang
et al., 2006). Bursts were identified with the following parame-
ters: two spikes with minimum and maximum interspike interval
of 4ms and 100 ms, respectively (Copeland et al., 2015; Huh and
Cho, 2013; Ramcharan et al., 2000; Wang et al., 2006).

Recording of IL-PFC pyramidal neurons

In vivo single-unit extracellular recordings of pyramidal neurons
of the IL-PFC were performed according to our protocols
(Bambico et al., 2010, 2013). Briefly, the electrode was lowered

into the infralimbic region of the prefrontal cortex (+1.5-2.0 mm
AP relative to Bregma; 2.5-3.5mm ventral to the dura mater;
0.25mm from the midline, within layer 5—6 of the cortex).
Pyramidal neurons were identified based on their physiological
firing rates (0.5-10Hz in the IL-PFC) (Ashby et al., 1994;
Bambico et al., 2010; El Mansari and Blier, 1997). Neurons were
also identified based on their large amplitude (0.5-1.2mV), long
duration (0.8-1.2ms), and positive single-action potential pat-
terns alternating with complex spike discharges (Bambico et al.,
2010, 2013; Bartho et al., 2004; Gobbi and Janiri, 2006). Bursts
were identified with the following parameters: three consecutive
spikes with minimum and maximum interspike interval of 20 ms
and 45 ms (Parsegian et al., 2011).

Statistical analysis

Repeated measures one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni multiple comparison post-hoc test was per-
formed using GraphPad Prism Version 8.0.0 for Windows
(GraphPad Software, San Diego, CA, USA). For dose-response
experiments, only the last 100s of each dose-bin were consid-
ered for analyses concerning cell firing frequency, burst-firing
activity, and burst-firing parameters. Two-way ANOVA fol-
lowed by Bonferroni multiple comparison post-hoc test was
used to compare the basal and post-LSD electrophysiological
characteristics of the two subpopulations of reticular thalamus
neurons observed. For comparisons in which two-way ANOVA
was employed, specific mention appears in brackets in the
results section. We considered a neuron as increased when the
final firing rate was more than +15% compared with baseline
and decreased when the final firing rate was less than —15%
compared with baseline. This threshold was based on the obser-
vation that the neurons recorded did not exhibit firing rate
changes greater than 15% in response to VEH, therefore ruling
out the possibility that the changes observed would result from
the effect of the manipulation due to the injection and/or VEH
injection rather than the active drug. However, all statistical
analyses were performed comparing the firing frequency
changes to the firing frequency observed after the administration
of vehicle to account for these differences. The statistical signifi-
cance threshold was set at p <0.05. Detailed statistical tests are
reported in Supplementary Table S1.

Results

LSD modulates firing and burst-firing activity
of reticular thalamus GABAergic neurons

We recorded the acute response of reticular thalamus GABAergic
neurons (N=14; Figure 1(a)—(c)) and found that, according to our
criteria, 50% (n=7) of the neurons were inhibited by LSD
whereas the other 50% (n=7) was excited (two-way ANOVA
interaction, | ,,=6.068, p=0.0213; Figure 1(d)).

Neurons that were inhibited by LSD had significantly higher
basal firing rate than those excited by LSD (9.6 = 1.8 spikes/s and
33*=0.6 spikes/s, respectively, p=0.0056; Figure 1(d)).
Contrastingly, no statistically significant differences were
observed between these two populations concerning the basal
number of bursts observed in 100s (26.3£7.1 and 14.9 £3.3,
respectively, two-way ANOVA interaction, F| ,;=6.627,
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Figure 1. In vivo single unit extracellular electrophysiological recordings of reticular thalamus GABAergic neurons: (a) representative
photomicrograph of the recording site in the reticular thalamus. The black arrow indicates the site of the electrode recording labeled with
pontamine sky blue dye. (b) The typical wavemark of GABAergic reticular thalamus neurons, and (c) their classical accelerando-decelerando firing
pattern. Cumulative doses of LSD (5-160ug//kg, i.p.) modulate in a dual fashion the spontaneous (d) cell firing frequency, (e) the number of bursts
in 100s, and (f) the percentage of burst-firing in one subpopulation of neurons that is inhibited following LSD administration (50%, n=7, blue
lines) and another subpopulation of neurons that is excited by LSD administration (50%, n=7, green lines). Two-way analysis of variance followed

by Bonferroni post-hoc test for significant interaction.

#p>0.05; #*p < 0.01 compared with the other subpopulation at the same timepoint.

jc: internal capsule; LSD: lysergic acid diethylamide; ms: milliseconds; mV: millivolts; Rt: reticular thalamus; pg: micrograms

p=0.0170, post-hoc test under basal conditions p=0.5447; Figure

1(e)) or the % of basal burst-firing (26.1%*7.2% and
20.1% *4.1%, respectively, two-way ANOVA interaction,
F,,3=2.759, p=0.1103; Figure 1(f)). Despite their different spon-
taneous cell-firing frequency, the firing rates of the two subpopu-
lations observed became almost identical after LSD at the highest
doses tested (160 pg/kg) (5.6 = 1.3 spikes/s and 5.9 = 1.4 spikes/s,
respectively; Figure 1(d)). On the contrary, the number of bursts
observed in 100s (decreasing cells from 20.1 =4.1 to 8.1 =4.1
bursts in 100s, increasing cells from 14.9+3.3 to 343+ 11.2
bursts in 100s) became statistically different at the highest doses
tested (post-hoc test p=0.0406; Figure 1(e)). Similarly, the per-
centage of burst-firing became statistically different at the highest
doses tested (decreasing cells from 20.1% = 4.1% to 8.1% %= 4.1%,
increasing cells from 26.1% *=7.2% to 35.8% * 8.7%, post-hoc
test p=0.0145; Figure 1(f)).

In the decreasing neurons, LSD produced a dose-dependent
decrease of cell firing frequency (F; 4,=9.677, p <0.0001; Figure
2(a) and (d)) and the number of bursts in 100s (F; ,=20.94,
p<<0.0001; Figure 2(b) and (e)). In this subpopulation, the
decrease in firing frequency was statistically significant starting

from the dose of 20 ug/kg (—31.8% = 5.7% compared with VEH,
post-hoc test p=0.0051, which equates to 120 pug for a 75kg per-
son, or a “full” dose, which can elicit psychedelic effects includ-
ing auditory and visual hallucinations) (De Gregorio et al., 2016a,
2018; Nair and Jacob, 2016), up to the dose of 160pug/kg
(—48.2% % 9.5% compared with VEH, post-hoc test p<0.0001;
Figure 2(a) and (d)). However, LSD did not impact at these doses
the coefficient of variation (F; ;5=1.645, p=0.1543), meaning
that reticular thalamus GABAergic neurons do not lose their
intrinsic discharge features in response to LSD. Concerning the
number of bursts in 100, the decrease reached statistical signifi-
cance at the dose of 10pg/kg (—57.6% *9.6% compared with
VEH, post-hoc test »p<<0.0001), up to the dose of 160 png/kg
(—88.6% = 3.6% compared with VEH, post-hoc test » <0.0001;
Figure 2(b) and (e)). Cumulative doses of LSD also decreased the
percentage of burst-firing in this subpopulation of neurons
(F;, 39=6.887, p<0.0001; Figure 2(c)). Post-hoc analyses
unveiled that the percentage of spikes in burst was significantly
decreased at the dose of 10 ng/kg (—61.7% = 11.1%, post-hoc test
compared with VEH p=0.0244) and continued to be statistically
decreased up to the dose of 160 ug/kg (post-hoc test compared
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Figure 2. LSD modulates reticular thalamus firing and burst-firing activity in a dual dose-response fashion. Two subpopulations of reticular
thalamus GABAergic neurons are differentially affected by LSD administration. Cumulative doses of LSD (5-160 ng/kg, i.p.) decrease the spontaneous
(a) cell firing frequency, (b) number of bursts in 100s, and (c) percentage of burst-firing in a subpopulation (50%, n=7) of reticular thalamus
neurons in a dose-response manner. (d) A typical integrated histogram of spontaneous firing rate of a reticular thalamus GABAergic neuron from

the subpopulation of neurons decreased following the i.p. injection of cumulative doses of LSD. (e) The instantaneous bursting activity. On the
contrary, LSD increases the spontaneous (f) cell firing frequency and (g) the number of bursts in 100s in another subpopulation (50%, n=7) of
reticular thalamus neurons, as well as (h) the percentage of burst-firing. (i) A typical integrated histogram of the spontaneous firing rate of a
reticular thalamus GABAergic neuron from the subpopulation of neurons increased following the i.p. injection of cumulative doses of LSD. (j) The

instantaneous burst activity. Repeated measures one-way analysis of variance followed by Bonferroni post-hoc test.
#p < 0.01; #¥p < 0.001; #*##¥p < 0.0001 compared with VEH.
i.p.: intraperitoneal; LSD: lysergic acid diethylamide; ms: milliseconds; mV: millivolts; VEH: vehicle; pug: micrograms
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with VEH p <0.0071; Figure 2(c)). No differences were observed
in this population of neurons regarding the number of spikes per
burst (£ 44,=0.9073, p=0.5097), the mean intraburst frequency
(F; 1=0.7273, p=0.6505) or the burst length (F; ,=1.125,
p=0.3667).

In the neurons that were excited by LSD (seven out of 14),
cumulative doses of LSD produced a dose-dependent increase of
cell firing frequency (F; 4,=11.70, p<0.0001; Figure 2(f) and
(1)) and of the number of bursts in 100 s (£ 35=10.86, p <0.0001;
Figure 2(g) and (j)). The increase in firing activity reached sta-
tistical significance at the dose of 80 pug/kg (+49.8% = 14.3%
compared with VEH, post-hoc test p=0.0066; Figure 2(f)), up to
the dose of 160pg/kg (+90.9% *17.2%, post-hoc test
p<0.0001; Figure 2(f)). However, the coefficient of variation
(F7,40=0.8047, p=0.5883) was not affected by LSD, suggesting
that neurons maintained their intrinsic discharge features.
Similarly, the increase in the number of bursts in 100s was sta-
tistically significant starting from the dose of 40ug/kg
(+175.4% = 51.8%, p=0.0015; Figure 2(g)), up to the dose of
160 pg/kg (+239.6% *17.8% compared with VEH, post-hoc
test compared with VEH p <<0.0001, post-hoc test compared
with LSD 40 pg/kg, p=0.0094; Figure 2(g)). In this subpopula-
tion, LSD produced an increase in the percentage of burst-firing
(F; 35=2.506, p=0.0338, post-hoc test compared with VEH
p>0.05; post-hoc test of LSD 40 pg/kg compared with VEH
p=0.0511; Figure 2(h)) and in the number of spikes per burst
(+252% = 7.5%, F; 4,=4,775, p=0.0006) only at the dose of
160 pg/kg (post-hoc test compared with VEH p=0.0266). No
differences were observed regarding the mean intraburst fre-
quency (F; 4=0.9994, p=0.4460) or the burst length (F;
4 =1.757, p=0.1225).

LSD disinhibits thalamocortical relay neurons
of the mediodorsal thalamus

As mentioned before, reticular thalamus GABAergic neurons
send inhibitory projections to only the mediodorsal, and no other
extra-thalamic area, with the main function of keeping relay neu-
rons in the mediodorsal and other thalamic nuclei under inhibi-
tory control, and releasing them from inhibition as needed,
thereby gating the thalamocortical flow of information. Therefore,
given that we observed a profound modulatory effect of LSD on
reticular thalamus GABAergic neurons, we subsequently
recorded the acute response of thalamocortical relay neurons of
the mediodorsal thalamus to cumulative doses of LSD (n=5)
(Figure 3(a)—(d)). LSD produced an increase of mediodorsal
thalamocortical neurons firing frequency (F; ,=14.19,
p<<0.0001; Figure 3(c) and (e)) and the number of bursts in 100s
(F;, 25=21.06, p<<0.0001; Figure 3(d) and (f)) in all neurons
tested. The increased firing rate was statistically significant at the
dose of 40 pg/kg (+99.3% = 17%, post-hoc test compared with
VEH p=0.0007, which equates to 3.3 pg/kg in humans, or 240 pug
for a 75kg person, (Nair and Jacob, 2016), up to the dose of
160 pg/kg (+135.5% +20.3%, post-hoc test compared with
VEH p <0.0001; Figure 3(e)). No effect of LSD was observed on
the coefficient of variation (F; ,5=2.063, p=0.0863), suggesting
that the intrinsic discharge features of these neurons were not
altered by the drug. The increase in the number of bursts in 100's
was statistically significant starting from the dose of 40 ug/kg
(+81.9% = 10.5%, post-hoc test compared with VEH p=0.0049)

up to the dose of 160 pg/kg (+124.8% = 34.7, post-hoc test com-
pared with VEH p<<0.0001; Figure 3(f)). No effects of LSD
were observed on the mean intraburst frequency (£ ,5=0.6601,
p=0.7030), the percentage of burst-firing (F; ,5=0.2128,
p=0.9795) (Figure 3(g)) or the burst length (F; ,3=0.6482,
p=0.7114).

LSD increases the spontaneous firing activity
of IL-PFC pyramidal neurons

When reticular thalamus GABAergic neurons discharge in bursts
in physiological condition, the mPFC is inhibited (Halassa et al.,
2011; Steriade, 2005; Vantomme et al., 2019). Thus, we next
investigated the response of IL-PFC pyramidal neurons (n=6) to
cumulative doses of LSD which were shown to affect reticular
thalamus and mediodorsal thalamus neurons (Figure 4(a)—(d)).
Out of six neurons recorded, five were excited according to our
criteria, whilst one was not affected by LSD (<15% variation at
the maximum tested dose compared with VEH). In IL-PFC
pyramidal neurons, LSD increased cell firing frequency at the
highest dose tested of 160 ug/kg (F; 35=2.624, p=0.0274, post-
hoc test compared with VEH p=0.0088; Figure 4(e)) but did not
affect the number of bursts in 100s (F; ;5=1.299, p=0.2797;
Figure 4(f)), the percentage of burst-firing (F; ;,=0.4787,
p=0.8428; Figure 4(g)), the number of spikes per burst
(F7,3,=0.9020, p=0.51174), or the burst length (F; ;;=1.411,
p=0.2364).

The D, antagonist haloperidol administered
after LSD increases the burst activity of
reticular thalamus GABAergic neurons
inhibited by LSD and decreases the firing
rate of thalamocortical neurons in the
mediodorsal thalamus

Aside from its well-documented 5-HT,, receptor affinity, LSD
shows affinity for D, receptors, especially at high doses (De
Gregorio et al., 2016b; Marona-Lewicka et al., 2005; Passie
et al., 2008; Pieri et al., 1974). Therefore, we decided to assess
whether the D, antagonist haloperidol administered following
cumulative doses of LSD could reverse the modulatory effects of
the drug on neurons of the brain regions under investigation.

In the reticular thalamus, when the D, antagonist haloperidol
was administered following cumulative doses of LSD, the cell
firing frequency of neurons that were inhibited by LSD did not
change (F, 3=16.74, p=0.0014, post-hoc test compared with
LSD 160 pug/kg, p=0.4613; Figure 5(a) and (b)). However, in this
subpopulation of reticular thalamus GABAergic neurons, the D,
antagonist haloperidol reversed the decrease elicited by LSD in
the number of bursts in 100s (F, 4=16.15, p=0.0038, post-hoc
test compared with LSD 160 pg/kg p=0.0026; Figure 5(a) and
(¢)), suggesting that the D, antagonism with haloperidol increased
the burst-firing activity of these neurons to levels comparable to
baseline. No effects of haloperidol after LSD (p=0.1667) were
found concerning the percentage of burst-firing (post-hoc test
compared with LSD 160 pg/k p=0.5316; Figure 5(d)). No effects
of LSD and LSD plus haloperidol were observed on the number
of spikes per burst (#, ;=0.3008, p=0.7493) and the burst length
(F,,,=0.9402, p=0.9034).
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i.p.: intraperitoneal; LSD: lysergic acid diethylamide; MD: mediodorsal thalamic nucleus; ms: milliseconds; mV: millivolts; VEH: vehicle; pug: micrograms

When the D, antagonist haloperidol was administered after
LSD no differences were observed concerning the spontaneous
firing frequency in those reticular thalamus GABAergic neurons
that were excited by the drug (F, (=10.61, p=0.0107, post-hoc
test compared with LSD 160 ng/kg p=0.5453; Figure 5(e) and
(), the number of bursts in 100s (F, =1.443, p=0.3079, post-
hoc test compared with LSD 160 pg/kg p=0.6555; Figure 5(g)),
the % of burst-firing (I, 4=3.384, p=0.1038; Figure 5(h)), or the
burst length (F, =2.412, p=0.1703). In this subpopulation of
reticular thalamus GABAergic neurons, administration of the D,
antagonist haloperidol reversed the LSD-induced increase in the
number of spikes per burst (F, 4=5.550, p=0.0432, post-hoc test
compared with VEH p=0.3062, post-hoc test compared with
LSD 160 pg/kg p=0.0316).

In the mediodorsal thalamus, the D, antagonist haloperidol
administered following cumulative doses of LSD rescued the

LSD-induced disinhibition of thalamocortical relay cells, restor-
ing to basal levels the cell firing frequency (F, ;,=19.82,
»=0.0003, post-hoc test compared with VEH p=0.1944, post-
hoc test compared with LSD 160 pg/kg p=0.0002; Figure 5(i)
and (j)) and the number of bursts in 100s (F, 4=13.40, p=0.0061,
post-hoc test compared with VEH p > 0.9999, post-hoc test com-
pared with LSD 160 pg/kg p=0.0088; Figure 5(k)). No differ-
ences in the percentage of spikes in burst (F, (=1.088,p=0.3951;
Figure 5(1)), or the burst length (F, (=1.854, p=0.2361) were
observed in these neurons following administration of the D,
antagonist haloperidol.

When haloperidol was administered following cumulative
doses of LSD, we observed a trend towards a further increase in
cell firing frequency of pyramidal IL-PFC neurons compared
with LSD 160 pg/kg, which did not reach statistical significance
(F,, 10=8.304, p=0.0075, post-hoc test compared with LSD
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160 ng/kg p=0.0512; Figure 5(m) and (n)). In these neurons, we
did not observe effects of haloperidol on the number of bursts in
100s (F,,14=0.5581, p=0.5845; Figure 4(0)) or the percentage of
burst-firing (F, ,=1.937, p=0.1945; Figure 5(p)). Figure 6 sum-
marizes the effects of LSD and haloperidol injected after LSD in
the different neuronal subpopulations here investigated.

Discussion

In this study, we performed a series of extracellular in vivo single
unit electrophysiological recordings of GABAergic neurons of
the reticular thalamus, thalamocortical relay neurons of the medi-
odorsal thalamus, and pyramidal neurons of the infralimbic pre-
frontal cortex to investigate whether cumulative doses of LSD
affect the spontaneous firing and burst-firing activity of neurons

in these brain areas and whether the D, antagonist haloperidol
administered after LSD blocks the effects.

Reticular thalamus

We found that LSD has a modulatory effect on GABAergic neu-
rons of the reticular thalamus. These effects were accompanied
by a disinhibition of thalamocortical relay neurons of the medi-
odorsal thalamus and an increase in firing frequency in IL-PFC
pyramidal neurons only at high doses. The D, antagonist halop-
eridol administered following LSD restored burst-firing activity
in those reticular thalamus neurons that were inhibited by LSD
and reversed the disinhibition of thalamocortical relay neurons of
the mediodorsal thalamus to baseline levels, while further
increasing the cell firing frequency of pyramidal neurons of the
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VEH: vehicle; pg: micrograms

IL-PFC. Even if bioequivalent pharmacokinetics studies have not
been performed to compare LSD in mice and humans, based on
the Food and Drug Administration equivalent doses mice—
humans (Nair and Jacob, 2016) and use of LSD in humans, low
doses of LSD (=10 pg/kg) may corresponds to micro-doses in
humans (i.e. 10-70 pg; see also Bershad et al. (2019)), while high
doses in mice (=40 pg/kg) may correspond to psychedelic doses
in humans (200-250 pg; see also De Gregorio et al.(2016a)).

It is possible that the two opposite responses observed in the
reticular thalamus neurons arose from the observation of heteroge-
neous populations of GABAergic neurons previously reported to
be present in the reticular thalamus (Clemente-Perez et al., 2017;
Contreras et al., 1993; Lee et al., 2007; Pinault, 2004). For exam-
ple, using intracellular recordings combined with electroencepha-
logram (EEG), two populations of reticular thalamus neurons were
correlated to the generation of EEG, delta oscillations (for neurons
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Figure 6. Effects of LSD in the brain areas investigated in this study. We observed that LSD modulates in a dual fashion GABAergic neurons of
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tested. Moreover, LSD disinhibits thalamocortical relay neurons of the mediodorsal thalamus starting at intermediate doses. Lastly, LSD excites
spontaneously firing pyramidal neurons of the infralimbic prefrontal cortex only at the highest dose tested.
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discharging 0.5-4Hz) and to spindle activity (for neurons dis-
charging at 7-14Hz) (Steriade et al., 1991). Other groups using
different techniques have also characterized different populations
in the reticular thalamus, including a group of neurons responding
with inhibition to glutamatergic input (Cox and Sherman, 1999).
Interestingly, two subpopulations with distinct intrinsic membrane
excitability have been characterized by Clemente-Perez et al.
(2017) in the mouse reticular thalamus, which are somatostatin
(SOM+) and parvalbumin (PV+) GABAergic neurons, two bio-
markers which can also be used to differentiate subpopulations of
reticular thalamus GABAergic neurons in humans. While SOM+
neurons are linked to limbic circuitries, and project to higher order
relay nuclei, PV+ are rhythmogenic and seem to project mostly to
first-order relay nuclei (Clemente-Perez et al., 2017). However,
more studies are necessary to better characterize these different
populations of reticular thalamus neurons, correlating them with
their physiological functions.

The marked effect of LSD on the reticular thalamus could be
related to the 5-HT-modulating effects of LSD (De Gregorio
etal., 2016b, Inserra et al., 2021) and the strong presence of 5-HT
receptors in this region. Indeed, GABAergic neurons of the retic-
ular thalamus express pre- and postsynaptic 5-HT,, and 5-HT,
receptors (Aznar et al., 2003; Goitia et al., 2016; Pompeiano
et al., 1992; Rodriguez et al., 2011) and receive serotonergic pro-
jections from the DRN, the brain areas in which most of the sero-
tonergic neurons are located (RodriGuez et al., 2011). The
reticular thalamus receives also norepinephrinergic projections
from the locus coeruleus (Asanuma, 1992), which together with
the 5-HT/ dorsal raphe nucleus (DRN) input keeps the reticular
thalamus in a slightly depolarized state. Such depolarization is
necessary for the generation of T-type Ca?* channel-mediated
bursts, which are involved in the generation and propagation of
thalamocortical spindles (Fuentealba and Steriade, 2005;
Morrison and Foote, 1986). However, if monoaminergic input is

removed, reticular thalamus neurons are more hyperpolarized,
leading to T-type Ca?* channel de-inactivation, which blocks
burst activity (Bosch-Bouju et al., 2013; Fernandez et al., 2018).
Given that LSD decreases 5-HT firing in the DRN (Aghajanian
and Vandermaelen, 1982; De Gregorio et al., 2016b; Nair and
Jacob, 2016), the LSD-inhibited neurons of the reticular thala-
mus may be neurons receiving direct monoaminergic input from
the DRN and locus coeruleus.

Electrophysiological studies have pointed out that reticular
thalamus neurons are affected by a number of consciousness-
altering drugs, such as the dissociative anesthetics ketamine
(Anderson et al., 2017; Mahdavi et al., 2020) and phencyclidine
(PCP) (Troyano-Rodriguez et al., 2014) and the psychostimulants
cocaine and caffeine (Goitia et al., 2016). For example, ketamine
decreases burst-firing activity in the reticular thalamus, shifting
the firing mode from burst to tonic, thus eliciting an arousal-like
effect (Mahdavi et al., 2020). Similarly, PCP decreases local field
potential in the reticular thalamus (Troyano-Rodriguez et al.,
2014). Consistent with the decrease of a subpopulation of reticular
thalamus neurons, which should decrease the inhibitory input
from the reticular thalamus to specific thalamic nuclei (Pinault,
2004), we observed a disinhibition of thalamocortical relay neu-
rons in the mediodorsal nucleus of the thalamus.

Mediodorsal thalamus

This study is one of the first electrophysiological investigations
examining the effects of LSD in the mediodorsal thalamus.
Interestingly, the mediodorsal thalamus is low in 5-HT,,
(Pompeiano et al., 1994), but rich in D, in humans and rodents
(Boyson et al., 1986; Khan et al., 1998; Rieck et al., 2004; Young
and Wilcox, 1991). Consequently the disinhibition observed only
at high doses of LSD could be D,-mediated given that in our
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laboratory we previously demonstrated that LSD at doses
>40 pg/kg activates dopaminergic (DA) neurons of the ventral
tegmental area (VTA) through a D, receptor mechanism (De
Gregorio et al., 2016b). Similarly, PCP increases mediodorsal
thalamus neuronal firing, while eliciting c-fos expression in neu-
rons which express the vesicular glutamate transporter 1 in both
mediodorsal thalamus and the cortex (Santana et al., 2011).
Moreover, in line with the current findings, previous studies
reported that 2,5-Dimethoxy-4-iodoamphetamine (DOI) disin-
hibits thalamocortical neurons (Puig et al., 2003). The disinhibi-
tion of thalamocortical relay neurons in the mediodorsal thalamus
by LSD, which was reversed by the D, antagonist haloperidol,
might be at least partially responsible for the increased functional
thalamocortical connectivity observed in human brain imaging
studies (Preller et al., 2019).

Infralimbic prefrontal cortex

The IL-PFC is rich in postsynaptic 5-HT,, receptors, which are
thought to play a major role in the effects of psychedelics (Lopez-
Giménez and Gonzalez-Maeso, 2018). In line with the excitation
of IL-PFC neurons observed in this study, LSD and DOI were pre-
viously reported to elevate prefrontal-limbic glutamate release via
stimulating postsynaptic 5-HT,, on pyramidal cells in the PFC
(Aghajanian and Marek, 1999; Muschamp et al, 2004).
Accordingly, a previous study reported that DOI activates 5-HT,,,
thalamocortical heteroreceptors, leading to glutamate release in
superficial layer V to deep III of the mouse PFC, and an AMPA-
dependent expression of c-fos (Scruggs et al., 2000). Accordingly,
LSD potentiates AMPA and 5-HT2A- mediated neurotransmission
in the mPFC via an increased phosphorylation of the mammlian
target of rapamycin 1 (mTORC1) (De Gregorio et al., 2021). On
the other hand, PCP has a double effect in mPFC neuronal activity
and delta-range cortical synchrony, and this effect is reversed by
the D, antagonist haloperidol and the mixed dopamine-serotonin
receptor antagonist clozapine (Kargieman et al., 2007).

In human brain imaging studies, LSD and psilocybin admin-
istration seems to elicit a dual effect: on the one hand, an integra-
tion of sensory and somato-motor brain networks, on the other
hand a disintegration of associative brain regions, including the
default mode network (DMN), which is mainly represented by
the mPFC and posterior cingulate cortex (PCC), the latter being a
brain area recently reported to be involved in dissociation
(Carhart-Harris et al., 2016; Kaelen et al., 2016; Lebedev et al.,
2015; Preller et al., 2018, 2020; Vesuna et al., 2020). The net
outcome seems to be an increased capacity of processing sensory
information, possibly due to decreased reticular thalamus gating,
and a decreased integration capacity due to disruption of associa-
tive networks, such as the DMN. Accordingly, in the present
study, while we observed a modulatory action of LSD in the
reticular thalamus and mediodorsal thalamus at doses ranging
from 10 pg/kg to 40 pg/kg, we observed an excitation of IL-PFC
pyramidal neurons only at the highest dose tested of 160 pg/kg.
This strengthens the notion of a de-coupling between the effects
of psychedelics on the CSTC circuit and the DMN.

This study should be considered in light of some limitations.
First, it was performed in anesthetized mice; therefore our find-
ings might not completely translate to the waking state; although
urethane anesthesia partially depresses thalamocortical excitabil-
ity (Huh and Cho, 2013), it was previously reported that the

electrophysiological signature of hypnotic drugs on sleep and
reticular thalamus neurons are still appreciable under urethane
anesthesia (Ochoa-Sanchez et al., 2011; Pagliardini et al., 2013).
Second, due to the limited sample size we were not able to per-
form predictive analyses such as K-cluster analysis, to predict the
response of the two subpopulations of reticular thalamus neurons
based on their spontaneous electrophysiological characteristics.
Third, we did not assess the effects of the D, antagonist haloperi-
dol per se on the neuronal populations observed and did not assess
the effects of 5-HT, , receptor antagonists administered post-LSD.
Fourth, we did not perform antero- or retrograde tracing studies to
identify the topographical connection of the neurons recorded.

Despite these limitations, this study represents the first
attempt to understand the modulation of LSD on thalamocortical
gating and expands our understanding of the neurobiological
mechanism of action of LSD. The present findings suggest that
LSD might disrupt the physiological functioning of the reticular
thalamus, thereby allowing unrestrained information flow within
the CSTC circuit. Thus, LSD represents a pharmacological tool
to better understand the neural mechanisms of consciousness in
humans and to further explore the role of the reticular thalamus in
physiological and pathological thalamic gating. In particular, the
knowledge generated could be exploited for the understanding
and treatment of psychiatric disorders characterized by altered
CSTC circuit function and thalamic gating and connectivity,
including OCD and SCZ, and neurodevelopmental disorders
such as ASD.
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