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Cogpnitive deficits are long-lasting consequences of drug use, yet the con-
vergent mechanism by which classes of drugs with different pharmacological
properties cause similar deficits is unclear. We find that both phencyclidine
and methamphetamine, despite differing in their targets in the brain, cause the
same glutamatergic neurons in the medial prefrontal cortex of male mice to
gain a GABAergic phenotype and decrease expression of their glutamatergic

phenotype. Suppressing drug-induced gain of GABA with RNA-interference
prevents appearance of memory deficits. Stimulation of dopaminergic neu-
rons in the ventral tegmental area is necessary and sufficient to produce this
gain of GABA. Drug-induced prefrontal hyperactivity drives this change in
transmitter identity. Returning prefrontal activity to baseline, chemogeneti-
cally or with clozapine, reverses the change in transmitter phenotype and
rescues the associated memory deficits. This work reveals a shared and
reversible mechanism that regulates the appearance of cognitive deficits upon
exposure to different drugs.

Brain impairments are often characterized by constellations of symp-
toms and behavioral alterations, some of which are shared across
disorders. Cognitive deficits are found in mood and neuropsychiatric
disorders such as drug misuse, schizophrenia and depression, raising
the possibility that shared mechanisms could produce the same
impairments in response to different stimuli. While studies have
focused on the actions of single drugs, less attention has been given to
investigating the mechanisms of action that different drugs of abuse
have in common. We investigated the effect of sub-chronic treatment
with phencyclidine (PCP) or methamphetamine (METH), two drugs
belonging to different classes of chemicals. PCP affects glutamatergic
transmission by acting as an NMDA antagonist', while METH affects
signaling by dopamine and other monoamines®. Although differing in
their molecular targets in the brain and in some behavioral effects®®,
PCP and METH have been extensively studied for their ability to cause

long-lasting  cognitive deficits and mimic symptoms of
schizophrenia’. However, the process by which they generate similar
behavioral impairments has been unknown. Understanding shared
neuronal mechanisms underlying drug-induced cognitive deficits
could foster development of effective treatments and be beneficial for
a spectrum of disorders'".

When neuronal activity is altered for a sustained period, neurons
can change the neurotransmitter they express, often switching from an
excitatory to an inhibitory transmitter or vice versa and causing changes
in behavior'>". Using a combination of genetic labeling strategies, RNA
interference, chemogenetics and optogenetics, we investigated whether
changes in cortical neuron transmitter phenotype are involved in the
generation of both PCP- and METH-induced cogpnitive deficits.

Here we show that exposure to either PCP or METH induces the
same glutamatergic neurons in the prelimbic subregion (PL) of the
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medial prefrontal cortex (mPFC) to gain a GABAergic phenotype, and
that overriding this gain of GABA is sufficient to prevent the appear-
ance of drug-induced cognitive deficits. We also demonstrate that
both hyperactivity of the PL and increased release of dopamine from
VTA neurons mediate this drug-induced change in transmitter phe-
notype and can be leveraged to prevent or reverse it.

Results

PCP changes the transmitter of PL neurons causing cognitive
deficits

To determine whether changes in neurotransmitter phenotype are
involved in generating cognitive deficits, we tested the effect of a 10-
day treatment with PCP (10 mg/kg/day) that induces long-lasting
cognitive impairments and recapitulates deficits observed in
schizophrenia®. We focused on the medial prefrontal cortex (mPFC),
which is a major hub for cognitive control**¢, and we examined the
transmitter phenotype of neurons expressing the vesicular glutamate
transporter 1 (VGLUT1) that are the largest neuronal population in the
mPFC™. To identify these neurons following changes in transmitter
profile, we labeled them permanently with a nuclear mCherry reporter
using VGLUT1“®::mCherry mice (Fig. 1a).

In mice exposed to PCP, we identified 1198 + 59 mCherry* neurons
in the PL of the mPFC immunolabelled for GABA and 1096 + 81 labeled
for its synthetic enzyme, glutamic acid decarboxylase 67 (GAD67)
(Fig. 1b-d and Supplementary Fig. 1a-c). In control mice, there were
only 622+45 and 643 +22 of these neurons, indicating that PCP
increased the number GABA/mCherry* and GAD67"/mCherry” cells by
1.9- and 1.7-fold. PCP did not alter the number of mCherry-labeled PL
neurons (Supplementary Fig. 1d), and no sign of apoptosis or neuro-
genesis was detected (Supplementary Fig. 2). These results suggested
that PCP induces the synthesis and expression of GABA in PL gluta-
matergic neurons not previously expressing this transmitter.

To learn whether the observed co-expression of mCherry and
GABA is caused by unspecific mCherry expression, we used fluorescent
in situ hybridization (FISH) to determine the extent to which mCherry
labeling recapitulates VGLUT1 expression in the PL of
VGLUTI®E::mCherry mice (Supplementary Fig. 3a, b). In both saline-
and PCP-treated mice, 96% of neurons expressed both VGLUTI and
mCherry, while 3% expressed VGLUT1 but not mCherry and only ~1%
expressed mCherry but not VGLUT1 (Supplementary Fig. 3c). To find
out whether these VGLUT1/mCherry* neurons co-expressed GABAer-
gic markers, we quantified mCherry and VGLUTI transcript colocali-
zation with transcripts for the GABA synthetic enzyme (GAD1). 0.08%
of mCherry* neurons in saline- and 0.05% in PCP-treated mice were
VGLUTI" and GADI" (Supplementary Fig. 3d). Instead, GAD1 co-
localization was most frequently detected in neurons labeled with
both VGLUT1 and mCherry (0.8% of total glutamatergic neurons in
saline-treated controls, and 2.2% in PCP-treated mice) (Supplementary
Fig. 3e). Thus, in both PCP- and saline-treated VGLUT1*:::mCherry
mice, unspecific expression of mCherry contributes <0.08% to the
observed co-expression of GABA and mCherry in PL neurons
(Fig. 1b, ¢).

We next examined the expression levels of the GABA vesicular
transporter (VGAT) and VGLUTI in mCherry" neurons that gained
GABA after PCP treatment or that co-expressed GABA in drug-naive
conditions, and compared those levels with the expression levels of
VGAT and VGLUTL in neurons expressing only GABA or only glutamate.
We used FISH to detect transcripts for mCherry, GAD1, and for either
VGAT or VGLUTL. To reveal changes in expression levels, we selectively
decreased the amplification for VGAT and VGLUTI to obtain punctate
staining (Fig. 1e, f). In the PL of PCP-treated mice, neurons expressing
both mCherry and GAD1 (GAD1'/mCherry*) expressed VGAT at the
level of GABAergic neurons (labeled with GAD1 and not mCherry)
(Fig. 1g). At the same time, the expression level of VGLUTI in GAD1'/
mCherry* neurons decreased by -~55% compared to that of

glutamatergic cells expressing mCherry and not GAD1 in PCP-treated
mice (Fig. 1h). Neurons co-expressing mCherry and GADI in drug-naive
conditions also showed high expression levels of VGAT and low
VGLUT1 (46% less VGLUTI than in purely glutamatergic neurons
expressing only mCherry), as evident from analyses of these cells in
saline-treated controls (Supplementary Fig. 4a-c). The expression
level of VGAT and VGLUTI in GADI'/mCherry" neurons did not differ
between PCP- and saline-treated mice (Supplementary Fig. 4d, e), but
the number of GAD1'/mCherry" neurons was higher in the PL of PCP-
treated mice than in controls (6.6 + 0.5 neurons/mm?, saline; 10.6 + 0.9
neurons/mm?, PCP), mirroring the PCP-induced increase in the num-
ber of GAD67'/mCherry* neurons (Fig. 1c) and suggesting that PCP
induced gain of GAD1 in mCherry" neurons that were not expressing it
earlier. Thus, both the glutamatergic neurons that gained GABA after
PCP-exposure, as well as those expressing GABA in drug-naive condi-
tions, express high levels of VGAT and lowered levels of VGLUTI.

We then asked whether PCP-treatment affects the transmitter
phenotype of PL GABAergic neurons. No difference was observed in
the number of neurons expressing GABA and not mCherry between
PCP-treated animals and controls (8594 + 340 vs 8837 +271) (Supple-
mentary Fig. 1e). However, PCP and other NMDA receptor antagonists
have been shown to reduce the expression of GAD67 and parvalbumin
in prefrontal cortex parvalbumin-positive (PV*) interneurons”'s,
Because variability in the number of GABAergic neurons scored could
have prevented the detection of loss of GABA from a small number of
PV’ neurons, we quantified the number of PV* neurons expressing
GAD67 after PCP-treatment by permanently labeling them with a
PVRE:TdTomato mouse line. PCP caused 223 + 45 TdTomato* neurons
(6% of the TdTomato" population) to stop expressing GAD67 (Sup-
plementary Fig. 5), confirming that PCP treatment reduces the
expression of GABAergic markers in a subpopulation of PV* neurons'.

We next asked whether neurons that change their transmitter
phenotype in response to PCP-treatment play a role in the appearance
of drug-induced cognitive deficits. To investigate whether glutama-
tergic neurons that have gained GABA contribute to cognitive deficits,
we selectively suppressed GABA expression in PL glutamatergic neu-
rons by injecting a Cre-dependent adeno-associated virus (AAV)
expressing shRNA for GAD1 (AAV-DIO-shGADI-GFP or AAV-DIO-shScr-
GFP as control) in the PL of VGLUTI®®® mice before exposure to PCP
(Fig. 1i, j). shGAD1 suppressed GABA expression in neurons expressing
the virus (Supplementary Fig. 6a—c), and reduced the number of PL
neurons co-expressing GAD1 and VGLUTI1 transcripts in both PCP- and
saline-treated mice to half of that in saline-ShScr controls (Fig. 1k).
Having efficiently suppressed PCP-induced gain of GABA, we examined
the impact of shGAD1 on PCP-induced behavior. While shGAD1 did not
affect PCP-induced hyperlocomotion on the first day of treatment, it
prevented appearance of locomotor sensitization after a 10-day PCP-
exposure (Fig. 11 and Supplementary Fig. 6d), indicating that PCP-
induced gain of GABA is required for sensitization to the acute loco-
motor effect of the drug. We next focused on deficits in recognition
and working memory, since these behaviors are affected by repeated
exposure to PCP'*" and are regulated by the PL***. shGAD1 prevented
PCP-induced impairments of recognition memory in the novel object
recognition test (NORT) (Fig. 1m) and deficits in spatial working
memory in the spontaneous alternation task (SAT) (Fig. 1n). Neither
PCP-treatment nor shGAD1 changed exploratory behaviors in the
NORT and in the SAT (Supplementary Fig. 6e, f). shGAD1 did not affect
the behavioral performances of saline-treated controls (Fig. 1I-n),
suggesting that glutamatergic neurons gaining GABA upon PCP-
exposure, but not those co-expressing GABA before drug-exposure,
mediated drug-induced locomotor sensitization and memory impair-
ments. The number of PL GAD1’/VGLUTL" neurons was positively
correlated with locomotor sensitization, and negatively correlated
with object recognition and working memory performance (Fig. 10-q).
Overall, these data indicate that PCP-induced gain of GABA in PL
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glutamatergic neurons is necessary for the appearance of these
behavioral alterations.

It remained unclear whether the loss of GAD67 from PV inter-
neurons was also involved in generating PCP-induced cognitive defi-
cits. To investigate if this was the case, we tested the behavioral effect
of suppressing GAD67 expression in PV neurons of the PL in absence of
PCP-treatment. PV*®* mice were injected in the PL with AAV-DIO-

GAD1*/VGLUT1* neurons (x100)

GAD1*/VGLUT1* neurons (x100)

shGADI-GFP, or AAV-DIO-shScr-GFP as control (Supplementary
Fig. 7a). This approach produced an 88% decrease in the number of
GFP* PV neurons expressing GABA in mice injected with shGADI as
compared to controls (Supplementary Fig. 7b, c). However, the beha-
vior of shGADI-injected mice did not differ from that of control, sug-
gesting that loss of GABA by PL PV* neurons is not sufficient to induce
cognitive deficits (Supplementary Fig. 7d-g).
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Fig. 1| PCP induces GABA expression in PL glutamatergic neurons and sup-
pressing this GABA expression prevents PCP-induced locomotor sensitization
and cognitive deficits. a Experimental protocol. Cartoon after”. b PL neurons co-
expressing mCherry and GABA (arrowheads). Scale bar, 25 um. ¢ Quantification of
GABA'/mCherry* and GAD67"/mCherry* neurons (n =35 mice). d PL locations of
glutamatergic neurons that co-expressed GAD1 or changed transmitter identity
upon treatment with PCP. Cartoons were produced by superimposing the locations
of neurons in three PL sections, each from a different mouse, all positioned at
Bregma 1.94. Different shapes represent cells from different mice. e, f Expression of
VGAT and VGLUT1 mRNA puncta in PL neurons of PCP-treated mice. Scale bar,
20 pm. g, h Quantification of VGAT and VGLUT1 expression measured as percent of
cell area occupied by mRNA puncta across PL neuronal subtypes (n = 25 cells/type/
mouse for 3 mice). i Experimental protocol. Cartoon after”. j Expression of shGADI1-

GFP in the PL. Scale bar, 500 pum. k Quantification of neurons co-expressing VGLUT1
and GADIL transcripts in AAV-injected mice (n =4 mice). I-n shGAD1 prevents PCP-
induced deficits in locomotor sensitization (I, n= from left to right 10, 10, 8, 10
mice), in the Novel Object Recognition Test (NORT) (m, n=from left to right 8, 8, 6,
9 mice) and Spontaneous Alternation Task (SAT) (n, n= from left to right 10, 8, 6, 10
mice). o-q The number of PL GADI'/VGLUTL" neurons is positively correlated with
locomotor sensitization and negatively correlated with performance in the NORT
and SAT (n =4 mice). Statistical significance (**P < 0.01, **P < 0.001, ***P < 0.0001)
was assessed using two-sided unpaired t-test (c), Kruskal-Wallis followed by Dunn’s
test (g, h), two-way ANOVA followed by Tukey'’s test (k-n), and two-sided linear
regression and Pearson’s correlation analysis (0—q). Data are presented as mean +
SEM. The exact p-values and additional statistical details can be found in Supple-
mentary Table 1.

METH changes the transmitter of the same PL neurons
affected by PCP

Because METH causes memory deficits similar to those induced by
PCP* >, we asked whether METH-treatment would also affect the
transmitter identity of PL glutamatergic neurons. Resembling the
effect of PCP, 10 days of METH-treatment (1 mg/kg/day) increased the
number of mCherry” PL neurons co-expressing GABA and GAD67 by
1.7- and 1.9-fold (Fig. 2a-d and Supplementary Fig. 8a), without chan-
ging the number of mCherry" and GABA*/mCherry cells (Supplemen-
tary Fig. 8b) or inducing apoptosis or neurogenesis (Supplementary
Fig. 2). As previously observed for PCP- and saline-treated animals,
unspecific expression of mCherry could not account for the observed
co-expression of GABA and mCherry in the PL of mice that received
METH (Supplementary Fig. 3). We next used FISH to examine the
expression of the VGAT and VGLUTI1 in mCherry" neurons that co-
expressed or gained GABA. Similar to the effects of PCP-treatment,
GADI1’/mCherry* neurons in the PL of METH-treated mice expressed a
level of VGAT equal to that of neurons expressing GAD1 but not
mCherry (Fig. 2e). The expression level of VGLUTI1 decreased by -76%
compared to that of glutamatergic cells expressing mCherry and not
GADI (Fig. 2f). VGAT and VGLUT1 expression levels in GAD1'/mCherry*
neurons did not differ from those measured in PCP- and saline-treated
mice (Supplementary Fig. 4d, e), and the number of GAD1'/mCherry*
neurons in the PL of mice that received METH resembled the number
observed in PCP-treated mice (10.6 = 0.9 neurons/mm?, PCP; 10.2 + 0.5
neurons/mm?, METH), indicating that both drugs affect PL glutama-
tergic neurons similarly.

Glutamatergic neurons that co-express GABA or gain it after
treatment with either drug were most prevalent in layer 2/3 and layer 5
of the PL (Supplementary Fig. 9a). These PL layers innervate the
nucleus accumbens (NAc)*, which modulates behaviors that are
affected by repeated intake of PCP or METH*?. To determine whether
neurons that change transmitter identity project to the NAc, we
injected fluoro-gold (FG) into the NAc of VGLUTI®(:mCherry mice,
treated them with PCP, METH or saline, and screened the PL for GABA*/
mCherry" neurons expressing the retrograde tracer (Supplementary
Fig. 9b-d). In both PCP- and METH-treated mice, ~0.9% of FG* neurons
were GABA*/mCherry*. Such cells were less frequent in controls (-0.3%
of the total number of FG" neurons) (Supplementary Fig. 9e), indicat-
ing that neurons changing transmitter identity with drug-treatment
project to the NAc.

Since both PCP and METH affect the transmitter phenotype of PL
glutamatergic neurons that have the NAc as a shared downstream
target, we asked whether both drugs change the transmitter identity of
the same cells. If PCP and METH changed the transmitter identity of
different cells, administering the two drugs one after the other should
induce gain of GABA in neurons that have not gained it after treatment
with the first drug. To determine whether this was the case, we
genetically labeled neurons expressing GABAergic markers during
the interval between the delivery of PCP and METH, using
VGAT™::CreER"::TdTomato®®V™N mice (see Methods) in which

neurons expressing VGAT at the time of tamoxifen administration are
permanently labeled with TdTomato (Fig. 3a, b, Supplementary
Fig. 10). We first injected tamoxifen in saline-treated controls and
determined that TdTomato labels neurons co-expressing VGLUT1 and
GAD1 in drug-naive conditions with 77% efficiency and 79% specificity
(Supplementary Fig. 10d, e).

We then used this labeling approach to distinguish neurons
expressing GADLI in drug-naive mice from those gaining it upon drug-
exposure, by administering mice with PCP after saline- and tamoxifen-
treatment (Fig. 3c). PCP administration increased the total number of
PL GAD1'/VGLUTI" neurons 2-fold compared to controls (1188 +23,
saline+PCP; 582 + 27, saline+saline) (Fig. 3d), in line with previous
findings (Fig. 1k). We detected no differences in the number of GAD1*/
VGLUTI*/TdTomato® neurons (441+43, saline+PCP; 447 + 34, saline
+saline) and VGLUTI'/TdTomato" neurons (9961, saline+PCP;
120 + 8, saline+saline) between saline+PCP mice and saline+saline
controls (Fig. 3d). Changes in these numbers would have indicated that
drug-treatment caused some glutamatergic neurons co-expressing
GAD1 in drug-naive conditions to lose expression of GADI. The results
indicate that PCP induces expression of GADI1 in a population of PL
neurons that were not previously expressing it, without affecting the
transmitter phenotype of cells co-expressing GAD1 and VGLUTI in
drug-naive conditions.

We next used VGAT™™::CreER"::TdTomato®®VN mice to deter-
mine if PCP and METH cause the same neurons to change transmitter
phenotype. Mice were treated first with PCP followed by tamoxifen
administration, and then treated with either saline, PCP or METH
(Fig. 3e). Across treatment groups the total number GAD1’/VGLUT1"
neurons was unchanged (1169 + 46, PCP+saline; 1273 + 69, PCP + PCP;
1177 + 45, PCP + METH) (Fig. 3f), indicating that consecutive adminis-
tration of drugs does not cause additional glutamatergic neurons to
gain GADL. Furthermore, we did not detect differences in the number
of GADI'/VGLUT1"/TdTomato" neurons (861 + 73, PCP+saline; 831 + 43,
PCP +PCP; 832+38, PCP+METH) nor in the number of VGLUT1/
TdTomato® neurons (180+44, PCP+saline; 108 +41, PCP +PCP;
237 +103, PCP + METH) (Fig. 3f). A decrease in the first population and
an increase in the second population would have indicated loss of
GAD1 from some VGLUTI® neurons and gain of GADI in another
population of VGLUTI" neurons. These results indicated that con-
secutive administration of PCP and METH does not cause gain of GAD1
by additional neurons, nor induces neurons that gained GAD1 upon
PCP-treatment to revert to their original transmitter phenotype. Thus,
PCP and METH change the transmitter identity of a largely overlapping
population of PL neurons.

Dopamine signaling mediates the change in transmitter
phenotype

Demonstration that both PCP and METH have the same effect on the
transmitter phenotype of the same PL glutamatergic neurons
prompted investigation of shared factors that could mediate this
change. PCP, METH, and other addictive substances affect the firing of
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dopaminergic neurons in the ventral tegmental area (VTA)*** and
increase the levels of extracellular dopamine (DA) in the mesocorti-
colimbic system***., Could signaling by dopaminergic neurons in the
VTA be a common mediator of the PCP- and METH-induced change in
transmitter identity? To address this question, we tested whether
suppressing the activity of VTA dopaminergic neurons during treat-
ment with PCP or METH affects the number of PL neurons that change
transmitter phenotype. We expressed the PSAML-GlyR chemogenetic
receptor in the VTA of DAT®® mice (Supplementary Fig. 11a-d).
Administration of the PSEM*® ligand before drug-injection suppressed
the acute PCP- and METH-induced increase in c-fos” dopaminergic
neurons (Supplementary Fig. 11e, f). Combining VTA suppression with

drug administration for the entire duration of treatment, by co-
administration of PSEM>°® and PCP or METH, prevented the increase in
the number of PL GAD1'/VGLUT1" neurons (Fig. 4a-d). These results
show that drug-induced increase in activity of VTA dopaminergic
neurons is required for PL neurons to change their transmitter phe-
notype upon treatment with PCP or METH.

It remained unknown, however, whether signaling by dopami-
nergic neurons in the VTA is by itself sufficient to induce PL neurons to
change transmitter identity, or whether other effects of PCP or METH
are involved. Optogenetic stimulation of VTA dopaminergic neurons
to produce phasic firing can mimic the increase in the levels of
mesolimbic dopamine induced by the intake of addictive drugs®***. To
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learn whether repeated optogenetic stimulation of VTA dopaminergic
neurons is sufficient to induce PL glutamatergic neurons to change
transmitter identity, we expressed ChR2-YFP (or YFP as control) in VTA
DAT® neurons and implanted an optic fiber above the VTA (Fig. 4e, f).
Laser stimulation (each set consisting of 30 bursts at 4 Hz of 5 pulses of
4 ms duration at 20 Hz) of acute brain slices evoked phasic firing of
ChR2" neurons (Supplementary Fig. 12a, b). In vivo administration of
80 of these sets of stimulation over the course of 1h increased the
number of VTA dopaminergic neurons expressing c-fos by 7.3-fold in
mice expressing ChR2 (Supplementary Fig. 12c-f). We then exposed
mice to 1h of VTA stimulation per day for 10 days and analyzed the
transmitter phenotype of PL glutamatergic neurons. The number of
GAD1'/VGLUTI" neurons was 1.7-fold higher in ChR2-expressing mice
compared to controls (Fig. 4g, h, Supplementary Fig. 12j-1), demon-
strating that phasic firing of dopaminergic neurons in the VTA is suf-
ficient to change the transmitter phenotype of PL glutamatergic
neurons.

We next asked whether direct dopamine signaling in the PL is
sufficient to change the transmitter phenotype, or if dopamine sig-
naling affecting the PL indirectly via multi-synaptic pathways is
required. We reasoned that if dopamine signaling in the PL were suf-
ficient to induce the change in transmitter phenotype, then this change
would be observed after selective stimulation of dopaminergic pro-
jections from the VTA to the PL. We injected ChR2-YFP (or YFP as a
control) into the VTA of DAT® mice and implanted optic fibers

bilaterally above the PL (Supplementary Fig. 13a-c). We stimulated
ChR2' fibers in the PL for one hour a day for 10 consecutive days using
the same stimulation parameters as before. However, the number of
GAD1*/VGLUTI" neurons in the PL of ChR2-expressing mice remained
unchanged compared to YFP-expressing controls (Supplementary
Fig. 13d). This finding suggests that the change in the transmitter
phenotype of neurons in the PL requires increased dopamine signaling
in regions other than the PL, and that optogenetic stimulation of
dopaminergic cell bodies in the VTA (Fig. 4e, f) induces this change, at
least in part, via multi-synaptic pathways.

Overall, these results establish signaling by dopaminergic neurons
in the VTA as a common mediator for PCP- and METH-induced gain of
GABA in PL glutamatergic neurons and suggest that exposure to other
addictive substances that activate the VTA could produce similar
effects.

PL hyperactivity mediates the change in transmitter and
behavior

We then asked how the effects of three different stimuli, PCP, METH
and stimulation of dopaminergic neurons in the VTA, converge to
change the transmitter identity of glutamatergic neurons in the PL.
Increased neuronal activity can cause neurons to change the trans-
mitter they express?***, Could PCP, METH and optogenetic VTA sti-
mulation induce alterations in PL activity that mediate the change in PL
neuron transmitter phenotype? PCP and METH increased c-fos
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expression in PL glutamatergic neurons by 3.8- and 3.5-fold after a
single injection and by 2.6- and 3.7-fold throughout a 10-day treatment
(Supplementary Fig. 14a-d, f, g). Similarly, expression of c-fos in PL
glutamatergic neurons was increased by 2.7-fold in mice expressing
ChR2 after 1h of phasic stimulation of VTA dopaminergic neurons
(Supplementary Fig. 12g-i). To determine whether this increase in
activity promoted the change in transmitter phenotype, we tested
whether suppression of PL hyperactivity during treatment with PCP or
METH would prevent glutamatergic neurons from gaining GABA.
Glutamatergic cells in the PL receive perisomatic inhibition from local
PV* interneurons, which do not show changes in c-fos expression after
administration of PCP or METH (Supplementary Fig. 14e, h). We
hypothesized that chemogenetic activation of PV' neurons would
suppress drug-induced hyperactivity of glutamatergic cells***’. To test
this idea, we expressed the chemogenetic receptor PSAML-5HT3HC in
mPFC PV* neurons using AAV-flex-PSAML*FYSFSHT3HC-GFP and
administered the PSEM>® ligand immediately before acute injection of
either PCP or METH (Supplementary Fig. 15a-e). While GFP* neurons
infected with the virus showed high c-fos expression after PSEM>%
treatment, consistent with their expected activation (Supplementary
Fig. 15f), the PCP- or METH-induced increase in c-fos expression in PL
glutamatergic neurons was suppressed (Supplementary Fig. 15g-i).

We subsequently combined chemogenetic activation of PL PV*
interneurons with either PCP- or METH-administration for the duration
of drug-treatment (Fig. 5a, b). The number of GAD1’/VGLUT1" neurons
in the PL of PCP- and METH-treated mice that received PSEM**® was
half of that of mice that did not (586 + 18 and 611 + 23 vs 1262 + 66 and
1222 +12) and was indistinguishable from that of saline-treated con-
trols (Fig. Sc, d). Thus, suppression of drug-induced PL hyperactivity is
sufficient to prevent glutamatergic neurons from changing their
transmitter identity, indicating that hyperactivity is required for the
change in transmitter phenotype.

We now tested whether blocking the change in transmitter phe-
notype through chemogenetic activation of PV neurons was sufficient
to prevent drug-induced changes in behavior. In mice treated with
PSEM>%, drug-induced hyperlocomotion was absent on both the first
and last days of treatment (distance traveled on DAY1: 30 + 16 m, saline
+vehicle; 29+18m, saline+PSEM*®; 173+69m, PCP+vehicle;
45+25m, PCP+PSEM*®; 137+37m, METH-saline; 35+14m,
METH + PSEM*®%, Distance traveled on DAY10: 32 +19 m, saline+vehi-
cle; 34 +£30m, saline+PSEM*®; 309 +67 m, PCP+vehicle; 67 +26 m,
PCP + PSEM3%; 192 + 30 m, METH-saline; 57 +18 m, METH + PSEM>),
These results are consistent with suppression of acute drug-induced
hyperactivity of PL glutamatergic neurons®. Suppressing PL activity
prevented both PCP- and METH-induced appearance of memory def-
icits in both the NORT and the SAT (Fig. 5e-h), without influencing
exploratory behaviors (Supplementary Fig. 15j-n). The number of
GAD1'/VGLUTI" neurons in the PL was negatively correlated with the
performance in the NORT and SAT (Fig. 5i-1). These results suggest
that chemogenetic activation of PV* neurons affects the performance
of drug-treated mice by preventing the change in the transmitter
phenotype of glutamatergic neurons in the PL.

Leveraging PL activity reverses transmitter and behavior
changes
PL glutamatergic neurons that change their transmitter upon exposure
to PCP or METH retain the GABAergic phenotype for at least 11 days of
drug washout (Fig. 5d, and PCP+saline group in Fig. 3f). As PCP- and
METH-induced memory deficits are also long-lasting'**’, we asked
whether the persistence of behavioral deficits is linked to retention of
the GABAergic phenotype and whether both are reversible.
Clozapine, an antipsychotic drug that acts as a serotonin and
dopamine receptor antagonist, reverses PCP-induced deficits in the
NORT", leading us to investigate whether it also reverses the change in
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by both PCP and METH (e n= from left to right 7, 6, 9, 7 mice; f n= from left to right
8, 6,9, 8 mice; g n=from left to right 5, 4, 6, 4 mice; h n=from left to right 5,4, 5,5
mice). i-1 The number of PL GAD1'/VGLUTL1" neurons is negatively correlated with
performance in the NORT and SAT. Statistical significance (*P < 0.05, **P< 0.01,
***P < 0.001, ***P < 0.0001) was assessed using two-way ANOVA followed by
Tukey’s test (d-h) and two-sided linear regression and Pearson’s correlation ana-
lysis (i-1). Data are presented as mean + SEM. The exact p-values and additional
statistical details can be found in Supplementary Table 5.

transmitter phenotype. VGLUT1®::mCherry mice that received PCP
displayed 1.9 fold more GABA"/mCherry" PL neurons than controls
17 days after the end of PCP-treatment, indicating that neurons had
maintained the acquired GABAergic phenotype (Fig. 6a-c). In mice
that received clozapine treatment after PCP, the number of GABA'/
mCherry* neurons was reduced compared to that of mice treated with
PCP alone (559 +55 vs 1124 + 94) and was not different from that of
saline-treated controls (Fig. 6a-c). Clozapine did not affect the number
of GABA"/mCherry" neurons in saline-treated mice, suggesting that
this drug selectively reverses the PCP-induced change in glutamatergic
neuron transmitter identity. We found that clozapine rescued PCP-
induced memory deficits in the NORT and SAT, without affecting the
behavioral performance of controls (Fig. 6d-g and Supplementary
Fig. 16a-d).

We next investigated whether changes in neuronal activity could
underlie the clozapine-induced reversal of the change in transmitter
identity. Because clozapine suppresses the acute PCP-induced increase
in PL c-fos expression*®*, we asked whether reversal of the gain of
GABA depends on suppression of neuronal activity. Two days after

drug-treatment, the number of c-fos* glutamatergic neurons was 2.1-
and 2.8-fold higher in PCP- and METH-treated mice compared to
controls when evaluated within 5 h from the time of day when they had
previously received the drugs (Supplementary Fig. 17a, b, d, e). How-
ever, no difference the number of PL c-fos* neurons was detected 11-to-
12 h after the time of day that mice received the drugs (Supplementary
Fig. 17¢c). Thirteen and seventeen days after drug-treatment, c-fos
expression in the PL of PCP- and METH-treated mice was still higher
than in controls when evaluated within 5 h from the time-of-day when
they previously received the drugs (Supplementary Figs. 16e-h,
18a-d). These results suggest the presence of a long-lasting, time-of-
day dependent drug-induced hyperactivity. Administration of cloza-
pine after PCP-treatment returned c-fos expression to baseline (Sup-
plementary Fig. 16e-h), suggesting that daily PL hyperactivity during
drug-washout is necessary to maintain the newly acquired transmitter
phenotype. If this were the case, suppressing PL hyperactivity after the
transmitter change has occurred could be expected to reverse the
change. To test this hypothesis, we chemogenetically activated PV*
neurons for 10 days to normalize c-fos expression in the PL of PCP- or
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P < (0.0001) was assessed using two-way ANOVA with Tukey’s multiple-
comparisons test. Data are presented as mean + SEM. The exact p-values and
additional statistical details can be found in Supplementary Table 6.

METH-treated mice after the change in transmitter phenotype had
taken place (Supplementary Fig. 18a-d). More than 3 weeks after the
end of drug-treatment, glutamatergic neurons in the PL of both PCP
and METH-treated mice still displayed the drug-induced GABAergic
phenotype (Fig. 7a-c). Normalizing PL activity chemogenetically
decreased the number of GAD1/ VGLUT1" neurons in the PL of PCP and
METH-treated mice to the level of controls (588 +27 and 575+9 vs
1225 +38 and 1071 + 42) (Fig. 7a-c). Thus, PL neuronal activity main-
tains the change in transmitter identity once it has been induced.
Chemogenetically activating PL PV* interneurons after the change in
transmitter phenotype had occurred also rescued memory deficits in
the NORT and SAT and suppressed locomotor sensitization to both
PCP and METH (Fig. 7d-i and Supplementary Fig. 18e-k). Overall, these
data show that suppressing PL hyperactivity following drug-exposure
reverses the change in transmitter phenotype and the associated
behavioral alterations.

Discussion

We show that gain of a GABAergic phenotype by PL glutamatergic
neurons is a shared form of neuroplasticity involved in generating both
PCP- and METH-induced cognitive deficits. Both drugs cause the same

PL neurons to acquire a new transmitter phenotype characterized by
expression of GABA, GAD67, and VGAT, combined with lower levels of
VGLUTL. Other PL neurons show the same transmitter phenotype in
drug naive conditions, as suggested by earlier studies*>**. This change
in transmitter phenotype regulates the appearance of locomotor
sensitization and memory deficits in the NORT and SAT, consistent
with the involvement of the PL in the modulation of these
behavi0r520,21,23727,44.

Some of the PL neurons that gain GABA after treatment with PCP
or METH project to the NAc. Because glutamatergic inputs from the PL
to the NAc are important for reward, drug-seeking and relapse*™® the
question arises whether gain of GABA in PL-to-NAc neurons influences
drug-seeking behaviors. Answering this question will require the use of
self-administration  paradigms of drug-intake, rather than
experimenter-administered drug-delivery, and the demonstration that
gain of GABA by PL neurons also occurs in response to drug-self-
administration*’.

Signaling by dopaminergic neurons in the VTA is necessary and
sufficient to change the transmitter identity of PL neurons. Both PCP
and METH increase DA release in the mesocorticolimbic system®*',
Methamphetamine may achieve this by directly promoting dopamine
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Fig. 7 | Suppression of drug-induced PL hyperactivity after the end of drug-
treatment reverses the change in transmitter identity and reverses drug-
induced behavioral alterations. a Experimental protocol. Cartoon after”. b PL
expression of VGLUT1 and GADI after exposure to saline/drug treatment followed
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two-way ANOVA followed by Tukey’s test. Data are presented as mean + SEM. The
exact p-values and additional statistical details can be found in Supplementary
Table 7.

release from dopaminergic neurons®, while PCP may achieve this by
increasing the firing rate of VTA DA neurons™*', Chemogenetic sup-
pression of dopaminergic activity in the VTA during PCP- or METH-
treatment prevents the change in transmitter phenotype. Further-
more, optogenetic stimulation of phasic firing of the cell bodies of
dopaminergic neurons in the VTA, in the absence of drug adminis-
tration, is sufficient to induce PL hyperactivity and produce the change
in transmitter identity. This result is achieved via multi-synaptic
pathways, as selective stimulation of dopaminergic projections from
the VTA to the PL is insufficient to induce gain of GABA in glutama-
tergic neurons of the PL. As glutamatergic neurons in the PL receive
inputs from multiple brain regions®’, a more comprehensive investi-
gation will be required to determine the origins of PL inputs directly
responsible for the change in transmitter phenotype. Furthermore,
VTA dopaminergic neurons can release other transmitters than
dopamine®®, which may also contribute to the change in transmitter
phenotype of PL neurons. Our results are consistent with evidence that
many addictive substances, including PCP and METH, promote phasic
firing of dopaminergic neurons in the VTA** and that inducing phasic
firing of these neurons enhances DA release in the NAc®,

Neuronal hyperactivity in the PL, as reported by c-fos, mediates
the change in transmitter identity, as expected for activity-dependent
neurotransmitter switching'>***, and is necessary to maintain the
newly acquired transmitter phenotype after the end of drug treatment.
Midbrain cholinergic neurons that change transmitter identity in
response to sustained exercise spontaneously revert to expression of
their original transmitter within a week of cessation of the stimulus'™. In
contrast, PL glutamatergic neurons maintain their GABAergic pheno-
type for more than 3 weeks after the end of drug-treatment and the
linked cogpnitive deficits are long-lasting'**°. c-fos expression in the PL
increases after acute treatment with PCP or METH*%%, as well as after
one hour of phasic stimulation of VTA dopaminergic neurons, and
remains elevated in a time-of-day dependent manner for at least two
weeks**”. Suppressing drug-induced hyperactivity during or after

drug-treatment, respectively, prevents or rescues the change in
transmitter phenotype and the change in behavior. While this evidence
is not sufficient to determine whether expression of c-fos alone is
sufficient to induce the change in transmitter phenotype, it shows that
PL hyperactivity, as reported by c-fos, is necessary to produce and
maintain this change.

Activity-dependent changes in transmitter phenotype during
development can be mediated at the transcriptional level’®** and by
post-transcriptional mechanisms involving miRNAs®°., In the former
case, neuronal hyperactivity acts in a non-cell-autonomous manner by
promoting the release of BDNF, which binds to the TrkB receptor
tyrosine kinase on neighboring neurons and initiates a MAP kinase
cascade leading to a change in transmitter phenotype mediated by the
phosphorylation of the of the c-Jun transcription factor. Because
reports of the effect of PCP and METH on BDNF expression in the PL
are contradictory®™®, determining whether similar mechanisms are
involved in mediating drug-induced gain of GABA by PL glutamatergic
neurons requires additional investigation.

In conclusion we identify a shared and reversible cellular
mechanism involved in the ability of different drugs to generate cog-
nitive deficits. Since multiple drugs of abuse acutely promote mPFC
hyperactivity®®’, and stimulation of VTA dopaminergic neurons is
sufficient to change the transmitter identity of PL neurons, drugs other
than METH and PCP may result in the appearance of cognitive deficits
by promoting this change in the transmitter phenotype of PL gluta-
matergic neurons.

Methods

Mice

All animal procedures were carried out in accordance with NIH
guidelines and approved by the University of California, San Diego,
Institutional Animal Care and Use Committee (protocol: s14016). Mice
were maintained on a 12h:12h light:dark cycle (light on: 7:00
am-7:00 pm) with ad libitum access to food (7912.15 Irradiated Teklad
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LM Mouse/Rat diet) and water. Temperature was maintained between
65 and 75°F (-18 and 23 °C) with 40-60% humidity. Mice were pre-
ferentially housed 3 or 4 per cage with nesting material. After receiving
surgery, mice were single-housed with nesting material. All experi-
ments were performed on 8- to 14-week-old male mice.

For collection of brain samples, mice were deeply anesthetized
with isoflurane vapor at the sacrifice time point and transcardially
perfused with phosphate-buffered saline (PBS) followed by 4% paraf-
ormaldehyde (PFA) in PBS. Brains were dissected and post-fixed in 4%
PFA overnight (o/n) at 4 °C, before being transferred to 30% sucrose in
PBS for 2 days at 4 °C. Mice from which brain samples were not col-
lected, were euthanized by cervical dislocation while deeply anesthe-
tized with CO?

C57BL/6) mice (JAX#000664) (referred to as “wild-type”),
VGLUTI-IRES2-Cre mice (JAX# 037512) (referred to as “VGLUTIR®”),
R0sa26-LSL-H2B-mCherry (JAX#023139) (referred to as “mCherry”), B6
PV mice (JAX#017320) (referred to as “PV?”), Ail4(RCL-tdT)-D mice
(JAX#007914) (referred to as “TdTomato”), Slc32al-2A-FlpO-D knock-
in mice (JAX# 029591) (referred to as “VGAT™”), Ai65(RCFL-tdT) mice
(JAX#021875) (referred to as “TdTomato®V©N"), CAGGCre-ER™ mice
(JAX# 004682) (referred to as “CreER™) were obtained from Jackson
Laboratories. DAT-IRES-Cre mice (JAX#006660) (referred to as
“DAT*®”) were provided by the Davide Dulcis, Thomas Hnasko, and
Cory Root laboratories.

Heterozygous VGLUT1®® animals were bred with either wild-type
mice to obtain VGLUTI®®E mice, or with homozygous mCherry mice to
obtain VGLUT1®®:mCherry experimental mice. PV®® mice were
maintained in homozygosis and bred with either TdTomato homo-
zygous mice to obtain PV*:TdTomato mice or wild-type animals to
obtain PV heterozygous experimental mice.

To obtain VGAT™::CreER"::TdTomato®°¥™N mice we first bred
heterozygous CreER" mice with either heterozygous TdTomato®VN
or heterozygous VGAT™ animals to obtain CreER":TdTomato VN
and VGAT™"::CreER" breeders. These breeders were then crossed
with VGAT™ or TdTomato®V™N mice, respectively, to obtain
VGAT™::CreER™::TdTomato®°V™N experimental mice.

Homozygous DATE mice were bred with wild-type animals to
obtain DAT® heterozygous experimental mice.

Drugs and pharmacological treatments

Phencyclidine hydrochloride (PCP; Sigma-Aldrich, P3029) was dis-
solved in sterile saline and administered subcutaneously (s.c.) at a dose
of 10 mg/kg/day for 10 consecutive days'. Methamphetamine hydro-
chloride (METH; Sigma-Aldrich, M8750) was dissolved in saline and
administered s.c. at a dose of 1 mg/kg/day for 10 consecutive days
(modified from?). To investigate whether drug-treatment affects the
transmitter identity of PL neurons, mice were sacrificed either 2 days
(Figs.1c, g, h, 2¢, e, f,and 4d, Supplementary Figs. 1c-e, 3-5, 8,and 9e),
11 days (Fig. 1k, Supplementary Fig. 6c, Fig. 5d), 17 days (Fig. 6¢c) or
23 days (Fig. 7c) after the end of PCP or METH treatment. To investi-
gate the effect of PCP or METH on PL neuronal activity, mice were
sacrificed 2h after a single injection of the drug (Supplementary
Fig. 14c-e), 2 h after the last of 10 daily injections (Supplementary
Fig. 14f-h) or 2 days after the end of 10 days of drug treatment either
within 0-5h or 11-12 h after the time of daily drug administration
(Supplementary Fig. 17).

Tamoxifen (Sigma-Aldrich, T5648) was dissolved in corn oil
(Sigma-Aldrich, C8267)/ethanol 9:1 and administered intraperitoneally
(i.p.) at a dose of 75mg/kg/day. To test whether PCP and METH
affect the neurotransmitter phenotype of the same PL neurons,
VGAT™::CreER"::TdTomato°¥™N mice received a 10-day treatment
with either saline or PCP (10 mg/kg/day). Beginning on day 9 of saline/
PCP administration, mice received an injection of tamoxifen each day
at 2 pm for 7 consecutive days. Mice were then left untreated for 7 days
to enable tamoxifen washout before exposing them to additional

treatments®®. After the end of the washout period, mice received PCP,
METH, or saline for 10 additional days and were sacrificed 2 days after
the last injection.

PSEM?® hydrochloride (Fisher Scientific, 64-252-5) was dissolved
in DMSO to obtain a stock solution of 5 mg/ml. Before use, the stock
solution was further diluted in saline to a final concentration of 1 mg/
ml. To investigate the effect of acute chemogenetic manipulation on
neuronal activity, mice were injected i.p. with PSEM**® (5 mg/kg) in
DMSO/saline (1:4) or DMSO/saline alone (vehicle) 10 min prior to
injecting METH, PCP or saline, and were sacrificed 2 h after drug-
injection. To investigate the effect of repeated chemogenetic manip-
ulation mice were injected i.p. twice a day for 10 days with either
PSEM>% (5 mg/kg at 10-11 am and 2.5 mg/kg at either 1-2 pm or 4-5 pm)
or vehicle. For experiments in which PSEM*® was administered toge-
ther with PCP or METH, the first PSEM**® injection was administered
10 min prior to injecting METH, PCP or saline, and the second PSEM>%
injection occurred 3 h later. For experiments in which the pharmaco-
genetic treatment occurred after the end of drug treatment, the two
PSEM?® daily injections were administered 6 h apart.

Clozapine (Sigma-Aldrich, C6305) was dissolved in DMSO to
obtain a stock solution of 10 mg/ml. The stock solution was further
diluted in sterile saline before use to a final concentration of 0.5 mg/ml.
DMSO dissolved 1:19 in saline (vehicle) was used as a control solution.
Three days after the end of PCP treatment, mice began receiving daily
i.p. injections of clozapine (5 mg/kg/day) or DMSO/saline (1:19) alone
(vehicle) for 2 additional weeks'.

Immunohistochemistry

For immunostaining, coronal sections, 30 um in thickness, were
obtained using a freezing microtome (Leica SM2010R) and stored at
-20 °Cin a cryoprotectant solution (30% glycerol, 30% ethylene glycol,
20% 0.2M phosphate buffer). Sections were washed (three times,
15 min each) to remove residues of cryoprotectant solution and per-
meabilized in 0.3% Triton X-100 in PBS. After a 2 h-incubation period in
a blocking solution (5% normal horse serum, 0.3% Triton X-100 in PBS)
at 22 °C, sections were incubated o/n on a rotator at 4 °C with primary
antibodies diluted in the blocking solution. After washing in 0.3% Tri-
ton X-100 in PBS (three times, 15 min each), sections were incubated
for 2h on a rotator at 22°C with secondary antibodies diluted in
blocking solution. After additional washings (three times, 15 min each)
in 0.3% Triton X-100 in PBS, sections were mounted with Fluoromount-
G (Southern Biotech) containing DRAQ-5 (Thermo Fisher, 62251,
1:1000 dilution) when nuclear staining was needed.

Primary antibodies used in this study were:

rabbit-anti-GABA  (Sigma-Aldrich, A2052, RRID:AB_477652,
1:1000), guinea pig-anti-GABA (Sigma-Aldrich, AB175, RRID:AB_91011,
1:500), mouse-anti-GAD67 (Millipore, MAB5406, RRID:AB 227872,
1:500), goat-anti-doublecortin  (Santa Cruz, sc-8066, RRI-
D:AB_2088494, 1:300), rabbit-anti-Ki67 (Cell Signaling, 9129, RRI-
D:AB_2687446, 1:300), rabbit-anti-RFP (Avantor VWR, RL600-401-379,
RRID:AB 2209751, 1:1000), mouse-anti-cFos (Abcam, ab208942, RRI-
D:AB 2747772, 1:500), rabbit-anti-cFos (Abcam, ab214672, 1:1000),
rabbit-anti-PV (Swant, PV27, RRID:AB 2631173, 1:2000), mouse-anti-PV
(Millipore, P3088, RRID:AB_477329, 1:1000), rabbit-anti-GFP (Thermo
Fisher, A11122, RRID:AB 221569, 1:1000), chicken anti-GFP (Abcam,
ab13970, RRID:AB_300798, 1:1000), chicken-anti-mCherry (Abcam,
ab205402, RRID:AB 2722769, 1:2000), rabbit-anti-fluorescent gold
(Sigma-Aldrich, RRID:AB_2632408, AB153-1, 1:500), mouse-anti-TH
(Millipore, MAB318, RRID:AB_2201528, 1:1000), and rabbit-anti-TH
(Millipore, AB152, RRID:AB_390204, 1:2000).

Secondary antibodies for immunofluorescence were used at a
concentration of 1:500. The following antibodies were from Jackson
Immuno Research: Alexa Fluor-488 donkey-anti-rabbit (705-545-003,
RRID:AB_2340428), Alexa Fluor-647 donkey-anti-rabbit (711-605-152,
RRID:AB_2492288), Alexa Fluor-488 donkey-anti-mouse (715-545-150,
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RRID:AB_2340846), Alexa Fluor-488 donkey-anti-goat (705-545-147,
RRID:AB_2336933), Alexa Fluor-594 donkey-anti-mouse (715-585-150,
RRID:AB_2340854), Alexa Fluor-647 donkey-anti-mouse (715-605-150,
RRID:AB_2340862), Alexa Fluor-488 donkey-anti-chicken (703-545-155,
RRID:AB_2340375), Alexa Fluor-594 donkey anti-chicken (703-585-155,
RRID:AB 2340377), Alexa Fluor-488 donkey anti-guinea pig (706-545-
148, RRID:AB_2340472), Alexa Fluor-594 donkey anti-guinea pig (706-
586-148, RRID:AB_2340475). The following secondary antibodies were
from Life Technologies: Alexa Fluor-555 goat-anti-mouse (A21422,
RRID:AB_2535844), Alexa Fluor-555 goat-anti-rabbit (A21429,
RRID:AB_2535850).

TUNEL assay

TUNEL assay was used to detect in situ apoptosis. The assay was per-
formed using the In Situ Cell Death Detection (TUNEL) Kit with TMR
Red (Roche, 12156792910) as previously described. Briefly, 30 um
thick PL frozen sections were post-fixed with 1% PFA for 20 min at
22-24°C and rinsed with PBS (three times, 5 min each). Sections were
then permeabilized in 0.1% sodium citrate and 1% Triton X-100 for 1h
at 22-24 °C. After rinsing in PBS (three times, 5min each), sections
were incubated with TUNEL reaction solution according to the ven-
dor’s instructions. Incubation was performed in a humidified chamber
for 3h at 37 °C in the dark. Sections were rinsed and mounted with
Fluoromount containing DRAQ-5 (1:1000). As positive controls, sec-
tions were treated with DNase | (10 U/mL, New England Biolabs,
MO0303S) for 1 h at 37 °C, rinsed in PBS (three times, 5 min each), and
incubated with the TUNEL mixture.

Fluorescent in situ hybridization (FISH)
FISH was performed using the RNAscope Multiplex Fluorescent v2 Kit
(Advanced Cell Diagnostics, 323100) according to the manufacturer’s
instructions, with a few adjustments. Briefly, the 30-um fixed brain
sections were mounted on Superfrost Plus slides and air-dried in a
50 °C oven for 30 min. Sections were rehydrated in PBS for 2 min and
incubated for 5min in 1X target retrieval solution at 95 °C. After one
rinse in distilled water (2 min), sections were dehydrated with 100%
ethanol for 5seconds, air-dried, and incubated for 10 min in 5%
hydrogen peroxide at RT. Sections were then incubated in a HybEZ
humidified oven at 40 °C with protease Il for 30 min, and later with the
probe solution for 2 h. After incubation with the probes, slides were
incubated o/n in a solution of SSC5X at 22 °C. The following day, sec-
tions were incubated with the following solutions in a HybEZ humidi-
fied oven at 40°C with three rinsing steps in between each:
amplification Amp-1, 30 min; Amp-2, 30 min; Amp-3, 15 min. For each
probe used, sections were incubated in a HybEZ humidified oven at
40 °C with the following solutions: HRP-C1, -C2, or -C3 (depending on
the probe) for 15 min, Opal dye of choice for 30 min, and HRP-blocker
for 15min. Opal 520 (Akoya Biosciences, FP1487001KT), Opal 570
(Akoya Biosciences, FP1488001KT) and/or Opal 690 (Akoya Bios-
ciences, FP1497001KT) dyes were used for fluorescent labeling.

Depending on experimental needs, we obtained different levels of
signal amplification by changing the dilution of the Opal dyes. To
achieve a fully amplified signal, the Opal dyes were used at a dilution of
1:1500. This dilution was used to identify the cell-boundaries of neu-
rons co-expressing mCherry and GAD1 (used to detect mCherry and
GADI1 transcripts (Figs. 1e-h and 2e, f, Supplementary Fig. 4) and to
quantify the number of VGLUT1'/ GAD1" PL neurons (Figs. 1k, 3, 4c, d, g,
h, 5¢c, d, and 7c, d, Supplementary Figs. 3, 12k,1, 13d). Because VGLUT1
expression is decreased but not completely lost in neurons that have
changed their transmitter identity, obtaining a fully amplified
VGLUTI1 signal allows detection of these cells.

To obtain unsaturated, puncta-like staining, Opal dyes were diluted
1:12000. This dilution was used to quantify changes in the expression
levels of VGLUTI1 and VGAT (Figs. 1e-h, 2e, f, Supplementary Fig. 4).

The following probes were used: mouse Probe-Mm-Slcl7a7
(VGLUT1) (Advanced Cell Diagnostics, 416631), Probe-mCherry
(Advanced Cell Diagnostics, 431201), Probe-Mm-Sic32al (VGAT)
(Advanced Cell Diagnostics, 319191), Probe-Mm-GAD1 (Advanced Cell
Diagnostics, 400951).

For the experiments illustrated in (Fig. 3, Supplementary
Figs. 3, 10d, e) RNAscope was followed by standard immuno-
fluorescent staining using rabbit-anti-RFP (Avantor VWR, RL600-401-
379, 1:1000) or chicken-anti-mCherry (Abcam, ab205402, RRI-
D:AB_2722769, 1:2000) as primary antibodies, and Alexa Fluor-647
donkey-anti-rabbit (711-605-152) or as secondary antibodies.

Imaging

Images were acquired with a Leica SP5 confocal microscope with a 25x/
0.95 water-immersion objective and a z resolution of 1pum, or with
Leica Stellaris 5 with a 20x/0.75 CS2 dry objective and a z resolution of
1pm for immunohistochemistry and 0.7 pm for RNAscope. Low
magnification images were acquired with Leica Stellaris 5 with a 10x/
0.40 CS2 dry objective with a z resolution of 2.5 pm.

Cell counting

All counts were performed by investigators double-blinded to the
origin of each image. Either Image-J/Fiji or Imaris9 (Figs. 2¢ and é6c,
Supplementary Figs. 8, 14, 15d-i, 16g, h, 18c, d) was used for cell
counting. When using Image-J/Fiji, cell counts were performed by
examining all sections within the confocal stacks without maximal
projection. When using Imaris9, cell counts were performed semi-
automatically using the Spot detection function and the Colocalize
Spot plug-in, and later corrected manually. Independently of the
software used for analysis, only neurons showing colocalization in at
least 3 consecutive z-planes were included in the co-expression group.

PL sections were analyzed from Bregma +2.8 mm to Bregma
+1.54 mm, according to the Paxinos Mouse Brain Atlas. PL boundaries
were determined based on PL cytoarchitecture, as previously
described®. Specifically, we used VGLUT1, mCherry or DRAQS staining
and cellular and laminar morphology as references to identify the
boundaries between the PL and its three adjacent regions. To deter-
mine the boundaries between the PL and the cingulate cortex, we
examined both the arrangement of cells in layers 5 and 6 (which are
columnar in the cingulate cortex and either disorderly or horizontal in
the PL) and the thickness of layer 2 (which is broader in the PL com-
pared to the cingulate cortex). Similarly, the boundaries between the
PL and the medial orbital cortex were identified by examining layer 2
(which shows cells more scattered and more densely concentrated
toward layer 1 in the PL than in the medial orbital cortex). The
boundaries between the PL and the infralimbic cortex were deter-
mined by examining layers 2 to 5 (which are more clearly distin-
guishable in the PL than in the infralimbic cortex, with layer 2 being
broader in the infralimbic cortex than in the PL).

Pilot experiments determined that counting 1 in 6 sections was
sufficient to estimate the number glutamatergic and GABAergic cellsin
the PL. Consequently, to determine the number of PL GABA*/mCherry*
or GAD67°/mCherry” neurons (Figs. 1c, 2¢, and 6c), TdTomato’/PV*
neurons (Supplementary Fig. 5), as well as GAD1'/VGLUTI" neurons
(Fig. 5d), 7-to-8 sections were counted for each mouse brain. The total
number of co-expressing neurons was calculated by multiplying the
number of counted cells by 6. We later determined that by counting 1
in 12 sections and multiplying the number of counted cells by 12,
instead of 6, the final result was not different from that obtained by
counting 1 section every 6. We therefore adopted this strategy for the
rest of the counts (Figs. 1k, 3d, f, 4d, h and 7c¢).

To check for equal sampling across experimental groups, we
counted the total number of PL mCherry+, TdTomato* or VGLUT1"
neurons and determined that their number was constant across
treatment groups (Supplementary Figs. 1d, Se, 8b, 12I). For TUNEL
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assay, as well as quantification of DCX", Ki67*, and c-fos" cells, we
scored 1in 9 PL sections, consequently counting 4-to-6 sections for
each mouse brain. To quantify c-fos, GFP, and TH expression in the
VTA, we collected 1 in 6 sections from Bregma —2.92 mm to Bregma
-3.88 mm, according to the Paxinos Mouse Brain Atlas, thus quanti-
fying 4-5 sections per brain.

Quantification of VGAT and VGLUT1 mRNA expression

To quantify the expression level of VGLUT1 and VGAT mRNA, we used
multiplex RNAscope against mCherry, GADI, and either VGLUT1 or
VGAT in sections from VGLUTI®(::mCherry mice. The RNA signals for
mCherry and GAD1 were fully amplified to allow clear detection of
mCherry” and/or GADI" cell boundaries. To facilitate quantification of
mRNA expression levels, we obtained unsaturated, puncta-like RNA-
signals for VGLUTI1 and VGAT.

After staining, 4-to-7 optical sections (1 um z step) of each physical
section were examined and regions of interest (ROIs) were drawn
around the boundaries of mCherry*, GAD1" and GAD1'/mCherry* cells
using the optical section in which the cross-sectional area of the cell
was the largest.

VGLUTI1 or VGAT expression was quantified using Image-J/Fiji as
percent of the ROI occupied by VGLUT1 or VGAT RNA fluorescent
signal. For each mouse, we analyzed the ROIs of 25 cells co-expressing
mCherry and GADI, 25 cells expressing only mCherry, and 25 cells
expressing only GADL. These cells were found in sections at different
levels of the PL rostrocaudal axis and were distributed across all layers
of the PL.

Stereotaxic injections

4-5-week-old mice were deeply anesthetized using 3-4% vaporized
Isoflurane and head-fixed on a stereotaxic apparatus (David Kopf
Instruments Model 1900) for all stereotaxic surgeries. Anesthesia was
maintained throughout the procedure at a level that prevented reflex
response to a tail/toe pinch, using a continuous flow of 1-2% vaporized
Isoflurane. Eye drops (Puralube Vet Ointment, Fisher Scientific,
2024927) were placed in each eye to prevent them from drying out,
and vitals were checked every 10 min. An incision was made to expose
the bregma and lambda point of the skull. A 1mm drill was used to
perforate the skull at the desired coordinates. Stereotaxic coordinates
for the injection sites were determined using the Paxinos Brain atlas
and adjusted experimentally. Using a syringe pump (PHD Ultra™,
Harvard apparatus, no. 70-3007) installed with a microliter syringe
(Hampton, 1482452A) and capillary glass pipettes with filament (War-
ner Instruments, G150TF-4), we infused the brain with 500 nl (for
injections in the PL) or 1 pl (for injections in the VTA) of AAV solution
for each injection site at a rate of 100 nl/min. To guarantee sufficient
AAV expression across the anterior-posterior (AP) extent of the PL the
AVV solutions were injected bilaterally at 2 injection sites for each
brain hemisphere (from bregma: anterior-posterior (AP), +2.65 mm
and +225mm from bregma; mediolateral (ML), +0.5mm;
dorsal-ventral (DV), —0.8 mm and -1.1 mm from the dura).

After injection of the PL, the pipette was left in place for 8 min to
allow diffusion of the virus. When the surgery was completed, the scalp
was disinfected with betadine and sutured with tissue adhesive glue
(Vetbond tissue adhesive, 1469SB). For post-op pain treatment, mice
received an injection of Buprenorphine SR (0.5 mg/kg) or Ethiga XR
(3.25 mg/kg).

When targeting the VTA, we injected the AAV solutions bilaterally
(from bregma: AP, -3.2mm; ML, £0.5mm; DV, —4.0 mm from the
dura). After injection of the VTA, the pipette was left in place for 16 min
to allow diffusion of the virus. Mice that later received optogenetic
VTA stimulation were implanted during the same surgical procedure
with a fiber optic cannula with Ceramic Ferrule (RWD Life Sciences, R-
FOC-F200C-39NA). We used the same coordinates used for AAV

injection with the following modifications: the fiber was implanted ata
10° angle, and the DV coordinate was reduced to -3.9. For selective
stimulation of VTA dopaminergic neurons projecting to the PL, AAV
were injected into the VTA and fiber optic cannulas were bilaterally
implanted over the PL at a 10° angle (from bregma: AP, 2.5 mm; ML,
+0.9 mm; DV, —0.7 mm from the dura). To secure the implants to the
skull, the skull was covered with a layer of OptiBond XTR Primer
(OptiBond XTR Bottle Primer - 5 ml Bottle. Self-Etching) followed by
OptiBond XTR Bottle Universal Adhesive (OptiBond XTR Bottle Uni-
versal Adhesive 5ml Bottle. Self-Etching, Light-Cure). Finally, a thick
layer (up to 0.5cm thick) of Nano-optimized Flowable Composite
(Tetric EvoFlow A2 Syringe - Nano-optimized Flowable Composite 1-2
Gram) was used to create a scaffold and secure the optic fiber to the
skull. Polymerization of OptiBond XTR Primer, Adhesive, and Flowable
Composite was achieved with dental LED light (Fencia Premium Silver
LED Light, 5W).

Viral constructs

To suppress GAD67 expression in PL glutamatergic neurons we used
AAV9-CAG-DIO-shRNAmir-scramble-GFP (6.30E +13 particles/ml), and
AAV9-CAG-DIO-shRNAmir-mGADI1-GFP as control (2.41E + 14 viral parti-
cles/ml). pAAV-CAG-DIO-shRNAmir-mGADI1-EGFP and pAAV-CAG-DIO-
shRNAmir-Scramble-EGFP plasmid” were produced by Vector Biolabs
and AAV9 vectors were packaged in the Salk Institute Viral Vector Core.
The shRNA sequence for mouse GAD1 is 5-GTCTACAGTCAACCAGG
ATCTGGTTTTGGCCACTGACTGACCAGATCCTTTGACTGTAGA-3'. Vali-
dation of AAV-CAG-DIO-shRNAmir-scramble-GFP and AAV-CAG-DIO-
shRNAmir-mGAD1-GFP can be found in ref. 12.

To activate PL PV® neurons we used AAV9-syn-FLEX-rev-
PSAMLI141F,Y115F:5SHT3HC-IRES-GFP (4.61E+12 viral particles/ml).
rAAV-syn::FLEX-rev::PSAML141F,Y115F:5HT3HC-IRES-GFP was a gift
from Scott Sternson (Addgene plasmid # 32477; http://n2t.net/
addgene:32477; RRID:Addgene_32477)"°, and the AAV9 vector was
packaged in the Salk Viral Vector Core.

To inhibit dopaminergic neurons in the VTA, we used AAV9-
syn::FLEX-rev::PSAML141F,Y115F:GlyR-IRES-GFP (2.1E+12 viral parti-
cles/ml). rAAV-syn::FLEX-rev::PSAML141F,Y115F:GlyR-IRES-GFP was a
gift from Scott Sternson (Addgene plasmid # 32481; http://n2t.net/
addgene:32481; RRID:Addgene_32481)"°.

To optogenetically stimulate VTA dopaminergic neurons, we used
AAV5-EFla-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA (1E +12
viral particles/ml) and AAV5-Efla-DIO EYFP as control (2.3E +12 viral
particles/ml). pAAV-EFla-double floxed-hChR2(H134R)-EYFP-WPRE-
HGHpA and pAAV-Efla-DIO EYFP were a gift from Karl Deisseroth
(Addgene viral prep # 20298-AAV5; http://n2t.net/addgene:20298;
RRID:Addgene_20298; and Addgene viral prep # 27056-AAVS5; http://
n2t.net/addgene:27056; RRID:Addgene_27056).

Retrograde tracing

For retrograde tracing, 50 nl of Fluoro-gold (Hydroxystilbamidine
Fluoro-Gold™), 4% in H,O, (Biotium, 80023) were stereotaxically
injected at 50 nl/min into the ventral nucleus accumbens (from
bregma: AP, +1.40 mm; ML, +1.20 mm; and DV, -4.20 mm from the
dura). The glass pipette was left in place for 10 min after injection.

Optogenetic stimulation

The first stimulation session occurred 4-5 weeks after surgery. After
being moved to the room where stimulation was performed, mice
were acclimatized to the room for 1h. Stimulation occurred in the
home cage while the mouse was allowed to move. The ceramic ferrule
protruding from the animal’s head was coupled to a DPSS blue light
laser (473 nm Blue DPSS Laser with Fiber Coupled, BL473T3-050FC,
with ADR-700A Power Supply; Shanghai Laser & Optics Century) via
custom-made patch cords. Patch cords were assembled by epoxying
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optical fibers (200 pm, 0.39 numerical aperture, Thorlabs, FT200EMT)
to Fiber Connectors FC/PC with Ceramic Ferrule (Thorlabs, 30140E1)
and polishing the optic fiber with a fiber polishing kit (Thorlabs) to
achieve a minimum of 85% transmission. The laser power was mea-
sured before each mouse/stimulation session using a Compact Power
and Energy Meter Console, Digital 4” LCD (Thorlabs, PM 100D). Before
each mouse/stimulation session, we attached an unused fiber optic
cannula to the optic cable and measured the laser power at the tip of
the fiber optic cannula using the Compact Power and Energy Meter
Console, Digital 4” LCD and adjusted the laser power to 8.5+ 1 mW at
the tip of the fiber optic cannula. Each session of optogenetic stimu-
lation lasted 1h, during which 80 sets of laser stimulation, each in turn
consisting of 30 bursts at 4 Hz of 5 pulses of 4 ms at 20 Hz, were
delivered (modified from®?). For c-fos quantification experiments, mice
received a single session of optogenetic stimulation and were sacri-
ficed 1h after the end of the session. For the 10-days stimulation pro-
tocol, mice received a daily session of 1h stimulation between 11 am
and 5 pm and were sacrificed 2 days after the last stimulation.

Patch clamp slice electrophysiology

To confirm the efficacy of ChR2 stimulation in VTA dopaminergic
neurons we performed whole-cell patch clamp recordings on brain
slices obtained from the VTA of DAT® mice injected with AAV5-EFla-
double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA. 3 weeks after the
injection of the AAV, mice were euthanized using isoflurane inhalation,
and coronal brain slices (250 pm) containing the VTA were prepared
using a vibratome (Leica VT1200S), following standard procedures™.
VTA cells expressing YFP were visualized on a differential interference
microscope with a 4X or a 40X objective (Olympus BX61WI using
epifluorescence), and were selectively patched. Recordings were per-
formed in the whole cell configuration using borosilicate glass pipettes
(3-4 MQ) filled with a solution containing: 125 mM Potassium gluco-
nate, 4 mM NaCl, 10 mM HEPES, 0.5 mM EGTA, 20 mM KCl, 4 mM Mg-
ATP, 0.3 mM Na;-GTP, 10 mM Na-phosphocreatine. VTA cells were
optogenetically activated using an LED light source (Excelitas XT720L),
delivering blue light (473 nm, 4 ms pulses, ~0.5 mW) via a 40X objec-
tive. Liquid junction potentials were not compensated. Signals were
amplified with an Axopatch 700B amplifier, sampled at 10 kHz using a
Digidata 1550, and recorded with Clampex 10.4 (Molecular Devices).
Data Analyses were performed offline using Clampfit 11.2 (Molecular
Devices). Only cells with stable access resistance <30 MQ throughout
the recording period were included in the analysis.

Drug-induced locomotor sensitization

Locomotor activity was measured as total distance traveled in the
home cage during the 90 min immediately after a single injection of
PCP, METH or saline. Mouse movements were recorded using a camera
suspended 2 m above the home cage and were automatically scored
using AnyMaze 5.2 (Stoelting, Wood Dale, IL, USA). In experiments
aimed at preventing drug-induced changes in neurotransmitter phe-
notype by combining PCP, METH, or saline treatment with chemoge-
netic activation of PV+ interneurons, or by suppressing the gain of
GABA with shGAD1 interference, locomotor activity was measured on
the first day of treatment (i.e. immediately after the first drug/saline
injection, DAYI1) and on the last day of treatment (i.e. immediately after
the tenth drug/saline injection, DAY10).

For experiments in which mice received either clozapine treatment
or chemogenetic manipulation of PL activity after the end of PCP-,
METH- or saline-treatment, locomotor quantification was performed at
the end of the experimental timeline, two days after the spontaneous
alternation task (SAT). In this case, baseline locomotor activity was first
recorded in the home cage for 90 min, after which all mice received an
acute injection of PCP 10 mg/kg (PCP challenge) or METH 1 mg/kg (METH
challenge).

Novel object recognition test (NORT)

The novel object recognition test was used to assess recognition
memory performance and performed as described’” with the mod-
ifications outlined below. The test was conducted in an open field box
made of dark gray plastic 40 x 40 x 21 cm, dimly illuminated (30-40
lux). In the 3 days before the test, mice were acclimatized to the open
field box for 5 min/day. 24 h after the last acclimatization session, mice
were placed back in the open field with two identical objects and
allowed to explore the 2 objects for 10 minutes (familiarization phase).
24 h after the familiarization phase, memory retention was tested by
placing the mouse back in the open field where one of the familiar
objects had been replaced by a novel object (test phase). The mouse
was left to explore the 2 objects for 12 min and video recordings were
collected with a camera (Sony HDR-CX405) suspended 1 m above the
apparatus. Because mice (including saline-treated controls) often
failed to reach an accepted exploration criterion” (20s of total
exploration in the 10 min of the test), we extended the time available
for exploration from 10 to 12 min, and mice that did not reach the
criterion in less than 12 min were excluded. Mice were also excluded if
they moved or overturned one of the two objects. The time spent
exploring each of the two objects (novel and familiar) was manually
scored using BORIS software (version v. 5.0.1”%) by investigators blin-
ded to the mouse’s previous treatment-history. The mouse was con-
sidered to be exploring the object when it had its nose directed toward
the object at a distance of <1 cm. Chewing or climbing on the object
was not considered an exploratory behavior. Exploratory behavior was
scored until the mouse reached the criterion of 20 s spent exploring
the two objects. We calculated a recognition index (RI) as the percent
of time spent exploring the novel object relative to the total time spent
exploring both objects (novel and familiar) [RI=time exploring novel
object/(time exploring novel object + time exploring familiar object)].
Total exploration time and time to reach the criterion were also
recorded.

Spontaneous alternation task (SAT)

The spontaneous alternation task was performed as described”’*
and used to measure immediate working memory performance. The
test was conducted in a T-shaped, dark gray plastic maze, composed
of 3 arms 30 cm long, 9 cm wide and 20 cm tall. Mice naive to the
maze were placed at the end of one of the 3 arms, and left free to
explore the maze for 8 min. Exploration was recorded with a camera
suspended 1 m above the apparatus, and the series of arm entries was
scored using BORIS software by investigators blinded to the mouse’s
previous treatment history. The mouse was considered to have
entered an arm of the maze only when both the forelimbs and hin-
dlimbs were completely within the arm. Alternation was defined as
successive entries into the three arms of the maze on overlapping
triplet sets. Alternation percent was calculated as ratio of actual
alternation to total possible alternations (defined as the total number
of arm entries minus two), multiplied by 100. Total arm entries were
also scored to compare the degree of exploration across treatment
groups.

Statistics

Statistical analyses of the data were performed using Prism 9 software.
The Excel Real Statistics package was used for non-parametric Aligned
Rank Transform (ART) ANOVA. The Shapiro-Wilk test was used to
assess whether the data were normally distributed. All statistical tests
were two-tailed. Details about the number of biological replicates and
statistical tests used for each experiment are reported in the figure
legends and in the Supplementary Fig. legends. Measurements were
always taken from biological replicates, except for measurements of
locomotor activity on first and last day of treatment, which were on the
same mice. Means and SEMs are reported for all experiments.

Nature Communications | (2024)15:8260

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52451-x

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study (including details about the statistical
analysis and tabulated single data points) are provided in the Supple-
mentary Information/Source Data files. Source data are provided with
this paper.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

Bertron, J. L., Seto, M. & Lindsley, C. W. DARK Classics in Chemical
Neuroscience: Phencyclidine (PCP). ACS Chem. Neurosci. 9,
2459-2474 (2018).

Barr, A. M. et al. The need for speed: an update on methampheta-
mine addiction. J. Psychiatry Neurosci. 31, 301-313 (2006).

Noda, Y. & Nabeshima, T. Neuronal mechanisms of phencyclidine-
induced place aversion and preference in the conditioned place
preference task. Methods Find. Exp. Clin. Pharmacol. 20,

607-611 (1998).

Qi, J. et al. Effects of oxytocin on methamphetamine-induced
conditioned place preference and the possible role of glutamater-
gic neurotransmission in the medial prefrontal cortex of mice in
reinstatement. Neuropharmacology 56, 856-865 (2009).
Sams-Dodd, F. Effects of continuous D-amphetamine and phency-
clidine administration on social behaviour, stereotyped behaviour,
and locomotor activity in rats. Neuropsychopharmacology 19,
18-25 (1998).

White, I. M., Minamoto, T., Odell, J. R., Mayhorn, J. & White, W. Brief
exposure to methamphetamine (METH) and phencyclidine (PCP)
during late development leads to long-term learning deficits in rats.
Brain Res. 1266, 72-86 (2009).

Bernheim, A., See, R. E. & Reichel, C. M. Chronic methamphetamine
self-administration disrupts cortical control of cognition. Neurosci.
Biobehav Rev. 69, 36-48 (2016).

Cadinu, D. et al. NMDA receptor antagonist rodent models for
cognition in schizophrenia and identification of novel drug treat-
ments, an update. Neuropharmacology 142, 41-62 (2018).

Hsieh, J. H., Stein, D. J. & Howells, F. M. The neurobiology of
methamphetamine induced psychosis. Front. Hum. Neurosci. 8,
537 (2014).

Ramey, T. & Regier, P. S. Cognitive impairment in substance use
disorders. CNS Spectr. 24, 102-113 (2019).

Sim, H. I., Kim, D. H. & Kim, M. Cellular messenger molecules
mediating addictive drug-induced cognitive impairment: cannabi-
noids, ketamine, methamphetamine, and cocaine. Future J. Pharm.
Sci. 8,19 (2022).

Li, H. Q. & Spitzer, N. C. Exercise enhances motor skill learning by
neurotransmitter switching in the adult midbrain. Nat. Commun. 11,
2195 (2020).

Spitzer, N. C. Neurotransmitter Switching in the Developing and
Adult Brain. Annu Rev. Neurosci. 40, 1-19 (2017).

Hashimoto, K., Fujita, Y., Shimizu, E. & lyo, M. Phencyclidine-
induced cognitive deficits in mice are improved by subsequent
subchronic administration of clozapine, but not haloperidol. Eur. J.
Pharm. 519, 114-117 (2005).

Melugin, P. R., Nolan, S. O. & Siciliano, C. A. Bidirectional causality
between addiction and cognitive deficits. Int. Rev. Neurobiol. 157,
371-407 (2021).

Xu, P., Chen, A., Li, Y., Xing, X. & Lu, H. Medial prefrontal cortex in
neurological diseases. Physiol. Genomics 51, 432-442 (2019).
Behrens, M. M. et al. Ketamine-induced loss of phenotype of fast-
spiking interneurons is mediated by NADPH-oxidase. Science 318,
1645-1647 (2007).

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Amitai, N., Kuczenski, R., Behrens, M. M. & Markou, A. Repeated
phencyclidine administration alters glutamate release and
decreases GABA markers in the prefrontal cortex of rats. Neuro-
pharmacology 62, 1422-1431 (2012).

Castane, A., Santana, N. & Artigas, F. PCP-based mice models of
schizophrenia: differential behavioral, neurochemical and cellular
effects of acute and subchronic treatments. Psychopharmacology
232, 4085-4097 (2015).

Divac, I., Wikmark, R. G. E. & Gade, A. Spontaneous alternation in
rats with lesions in the frontal lobes: An extension of the frontal lobe
syndrome. Physiological Psychol. 3, 39-42 (1975).

Kamei, H. et al. Repeated methamphetamine treatment impairs
recognition memory through a failure of novelty-induced ERK1/2
activation in the prefrontal cortex of mice. Biol. Psychiatry 59,
75-84 (2006).

Phillips, T. J., Dickinson, S. & Burkhart-Kasch, S. Behavioral sensiti-
zation to drug stimulant effects in C57BL/6J and DBA/2J inbred
mice. Behav. Neurosci. 108, 789-803 (1994).

Lee, K. W., Kim, H. C., Lee, S. Y. & Jang, C. G. Methamphetamine-
sensitized mice are accompanied by memory impairment and
reduction of N-methyl-d-aspartate receptor ligand binding in the
prefrontal cortex and hippocampus. Neuroscience 178, 101-107 (2011).
Babiczky, A. & Matyas, F. Molecular characteristics and laminar
distribution of prefrontal neurons projecting to the mesolimbic
system. Elife 11, 78813 (2022).

Daugé, V., Derrien, M., Blanchard, J. C. & Roques, B. P. The selective
CCK-B agonist, BC 264 injected in the antero-lateral part of the
nucleus accumbens, reduces the spontaneous alternation beha-
viour of rats. Neuropharmacology 31, 67-75 (1992).

Sargolini, F., Roullet, P., Oliverio, A. & Mele, A. Effects of intra-
accumbens focal administrations of glutamate antagonists on
object recognition memory in mice. Behav. Brain Res. 138,
153-163 (2003).

van Zessen, R. et al. Dynamic dichotomy of accumbal population
activity underlies cocaine sensitization. Elife 10, e66048 (2021).
French, E. D. Effects of phencyclidine on ventral tegmental A10
dopamine neurons in the rat. Neuropharmacology 25, 241-248
(1986).

Lin, M., Sambo, D. & Khoshbouei, H. Methamphetamine Regulation
of Firing Activity of Dopamine Neurons. J. Neurosci. 36, 10376-10391
(2016).

Hertel, P. et al. Effects of D-amphetamine and phencyclidine on
behavior and extracellular concentrations of neurotensin and
dopamine in the ventral striatum and the medial prefrontal cortex of
the rat. Behav. Brain Res. 72, 103-114 (1995).

Ago, Y. et al. Lithium attenuates methamphetamine-induced
hyperlocomotion and behavioral sensitization via modulation of
prefrontal monoamine release. Neuropharmacology 62,
1634-1639 (2012).

Pascoli, V., Terrier, J., Hiver, A. & Luscher, C. Sufficiency of Meso-
limbic Dopamine Neuron Stimulation for the Progression to
Addiction. Neuron 88, 1054-1066 (2015).

Tsai, H. C. et al. Phasic firing in dopaminergic neurons is sufficient
for behavioral conditioning. Science 324, 1080-1084 (2009).
Meng, D., Li, H. Q., Deisseroth, K., Leutgeb, S. & Spitzer, N. C.
Neuronal activity regulates neurotransmitter switching in the adult
brain following light-induced stress. Proc. Natl Acad. Sci. USA 115,
5064-5071 (2018).

Borodinsky, L. N. et al. Activity-dependent homeostatic specifica-
tion of transmitter expression in embryonic neurons. Nature 429,
523-530 (2004).

Mukherjee, A., Carvalho, F., Eliez, S. & Caroni, P. Long-Lasting
Rescue of Network and Cognitive Dysfunction in a Genetic Schi-
zophrenia Model. Cell 178, 1387-1402.€1314 (2019).

Nature Communications | (2024)15:8260

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52451-x

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page, C. E., Shepard, R., Heslin, K. & Coutellier, L. Prefrontal par-
valbumin cells are sensitive to stress and mediate anxiety-related
behaviors in female mice. Sci. Rep. 9, 19772 (2019).

Takahata, R. & Moghaddam, B. Activation of glutamate neuro-
transmission in the prefrontal cortex sustains the motoric and
dopaminergic effects of phencyclidine. Neuropsychopharmacol-
ogy 28, 1117-1124 (2003).

Zeng, Q. et al. Resveratrol attenuates methamphetamine-induced
memory impairment via inhibition of oxidative stress and apoptosis
in mice. J. Food Biochem. 45, €13622 (2021).

Kargieman, L., Santana, N., Mengod, G., Celada, P. & Artigas, F.
Antipsychotic drugs reverse the disruption in prefrontal cortex
function produced by NMDA receptor blockade with phencycli-
dine. Proc. Natl Acad. Sci. 104, 14843-14848 (2007).

Zhao, C., Sun, T. & Li, M. Neural basis of the potentiated inhibition of
repeated haloperidol and clozapine treatment on the
phencyclidine-induced hyperlocomotion. Prog. Neuropsycho-
pharmacol. Biol. Psychiatry 38, 175-182 (2012).

Warthen, D. M. et al. Activation of Pyramidal Neurons in Mouse
Medial Prefrontal Cortex Enhances Food-Seeking Behavior While
Reducing Impulsivity in the Absence of an Effect on Food Intake.
Front. Behav. Neurosci. 10, 63 (2016).

Fattorini, G. et al. VGLUT1 and VGAT are sorted to the same popu-
lation of synaptic vesicles in subsets of cortical axon terminals. J.
Neurochemistry 110, 1538-1546 (2009).

Wolf, M. E., Dahlin, S. L., Hu, X. T., Xue, C. J. & White, K. Effects of
lesions of prefrontal cortex, amygdala, or fornix on behavioral
sensitization to amphetamine: comparison with N-methyl-D-
aspartate antagonists. Neuroscience 69, 417-439 (1995).

Siemsen, B. M. et al. A Subset of Nucleus Accumbens Neurons
Receiving Dense and Functional Prelimbic Cortical Input Are
Required for Cocaine Seeking. Front. Cell Neurosci. 16, 844243
(2022).

McGlinchey, E. M., James, M. H., Mahler, S. V., Pantazis, C. & Aston-
Jones, G. Prelimbic to Accumbens Core Pathway Is Recruited in a
Dopamine-Dependent Manner to Drive Cued Reinstatement of
Cocaine Seeking. J. Neurosci. 36, 8700-8711 (2016).

Kalivas, P. W., Volkow, N. & Seamans, J. Unmanageable motivation
in addiction: a pathology in prefrontal-accumbens glutamate
transmission. Neuron 45, 647-650 (2005).

Stefanik, M. T. et al. Optogenetic inhibition of cocaine seeking in
rats. Addict. Biol. 18, 50-53 (2013).

Lominac, K. D., Sacramento, A. D., Szumlinski, K. K. & Kippin, T. E.
Distinct Neurochemical Adaptations Within the Nucleus Accum-
bens Produced by a History of Self-Administered vs Non-
Contingently Administered Intravenous Methamphetamine. Neu-
ropsychopharmacology 37, 707-722 (2012).

Freeman, A. S. & Bunney, B. S. The effects of phencyclidine and
N-allylnormetazocine on midbrain dopamine neuronal activity. Eur.
J. Pharm. 104, 287-293 (1984).

French, E. D. Phencyclidine and the midbrain dopamine system:
Electrophysiology and behavior. Neurotoxicol. Teratol. 16,
355-362 (1994).

Ahrlund-Richter, S. et al. A whole-brain atlas of monosynaptic input
targeting four different cell types in the medial prefrontal cortex of
the mouse. Nat. Neurosci. 22, 657-668 (2019).

Morales, M. & Margolis, E. B. Ventral tegmental area: cellular het-
erogeneity, connectivity and behaviour. Nat. Rev. Neurosci. 18,
73-85 (2017).

Volkow, N. D., Michaelides, M. & Baler, R. The Neuroscience of Drug
Reward and Addiction. Physiol. Rev. 99, 2115-2140 (2019).

Arai, S. et al. Involvement of pallidotegmental neurons in
methamphetamine- and MK-801-induced impairment of prepulse
inhibition of the acoustic startle reflex in mice: reversal by GABAB

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

receptor agonist baclofen. Neuropsychopharmacology 33,
3164-3175 (2008).

Spina, M. G., Grecksch, G., Kovar, K. A., Wolf, G. & Putzke, J.
Microtubule-associated protein 2 (MAP2) and c-fos expression in
the rat prefrontal cortex following subchronic treatment with sub-
stituted amphetamines. Ann. N. Y. Acad. Sci. 914, 65-70 (2000).
Abdel-Naby Sayed, M. et al. Enhancement of immobility induced by
repeated phencyclidine injection: association with c-Fos protein in
the mouse brain. Behavioural Brain Res. 124, 71-76 (2001).
Guemez-Gamboa, A., Xu, L., Meng, D. & Spitzer, N. C. Non-cell-
autonomous mechanism of activity-dependent neurotransmitter
switching. Neuron 82, 1004-1016 (2014).

Marek, K. W., Kurtz, L. M. & Spitzer, N. C. cJun integrates calcium
activity and tIx3 expression to regulate neurotransmitter specifi-
cation. Nat. Neurosci. 13, 944-950 (2010).

Dulcis, D. et al. Neurotransmitter Switching Regulated by miRNAs
Controls Changes in Social Preference. Neuron 95, 1319-1333.e1315
(2017).

Takahashi, M. et al. Sustained brain-derived neurotrophic factor up-
regulation and sensorimotor gating abnormality induced by post-
natal exposure to phencyclidine: comparison with adult treatment.
J. Neurochem. 99, 770-780 (2006).

Salehzadeh, S. A., Mohammadian, A. & Salimi, F. Effect of chronic
methamphetamine injection on levels of BDNF mRNA and its CpG
island methylation in prefrontal cortex of rats. Asian J. Psychiatr. 48,
101884 (2020).

Liu, F. et al. Changes in gene expression after phencyclidine
administration in developing rats: a potential animal model for
schizophrenia. Int J. Dev. Neurosci. 29, 351-358 (2011).

Tehrani, A. M., Boroujeni, M. E., Aliaghaei, A., Feizi, M. A. H. &
Safaralizadeh, R. Methamphetamine induces neurotoxicity-
associated pathways and stereological changes in prefrontal cor-
tex. Neurosci. Lett. 712, 134478 (2019).

Semba, J., Wakuta, M. & Suhara, T. Different effects of chronic
phencyclidine on brain-derived neurotrophic factor in neonatal and
adult rat brains. Addict. Biol. 11, 126-130 (2006).

Jiang, C. et al. Morphine coordinates SST and PV interneurons in the
prelimbic cortex to disinhibit pyramidal neurons and enhance
reward. Mol. Psychiatry 26, 1178-1193 (2021).

Renard, J. et al. Adolescent THC Exposure Causes Enduring Pre-
frontal Cortical Disruption of GABAergic Inhibition and Dysregula-
tion of Sub-Cortical Dopamine Function. Sci. Rep. 7, 11420 (2017).
Valny, M., Honsa, P., Kirdajova, D., Kamenik, Z. & Anderova, M.
Tamoxifen in the Mouse Brain: Implications for Fate-Mapping Stu-
dies Using the Tamoxifen-Inducible Cre-loxP System. Front. Cell
Neurosci. 10, 243 (2016).

Van De Werd, H. J. & Uylings, H. B. Comparison of (stereotactic)
parcellations in mouse prefrontal cortex. Brain Struct. Funct. 219,
433-459 (2014).

Magnus, C. J. et al. Chemical and genetic engineering of selective
ion channel-ligand interactions. Science 333, 1292-1296 (2011).
Shin, S. et al. Early adversity promotes binge-like eating habits by
remodeling a leptin-responsive lateral hypothalamus-brainstem
pathway. Nat. Neurosci. 26, 79-91 (2023).

Leger, M. et al. Object recognition test in mice. Nat. Protoc. 8,
2531-2537 (2013).

Friard, O. & Gamba, M. BORIS: a free, versatile open-source event-
logging software for video/audio coding and live observations.
Methods Ecol. Evol. 7, 1325-1330 (2016).

Hiramatsu, M., Sasaki, M., Nabeshima, T. & Kameyama, T. Effects of
dynorphin A (1-13) on carbon monoxide-induced delayed amnesiain
mice. Pharm. Biochem. Behav. 56, 73-79 (1997).

Paxinos, G. & Franklin, K. B. J.The Mouse Brain in Stereotaxic Coor-
dinates (Elsevier Science, 2007).

Nature Communications | (2024)15:8260

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52451-x

Acknowledgements

We thank Dr. Cory Root, Dr. Davide Dulcis, and Dr. Thomas Hnasko for
providing DAT-IRES-Cre mice (JAX#006660). We are grateful to Dr. Cory
Root, Donghyung Lee and James Howe VI for providing the materials and
guidance for the optogenetic experiments. We thank Dr. Scott Sternson
for donating the rAAV-syn::FLEX-rev::PSAML141F, Y115F:5HT3HC-IRES-
GFP and the rAAV-syn::FLEX-rev:: PSAML141F,Y115F:GlyR-IRES-GFP plas-
mid to Addgene. We thank Dr. Karl Deisseroth for donating the pAAV-
EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA and pAAV-Efla-
DIO EYFP plasmids to Addgene. We thank Alexander Glavis-Bloom for
assisting with genotyping and for technical support; Hannah Kim, Ramiz
Ahmed, and Tianna Huang for assisting with experimental procedures.
We thank. Cory Root, Davide Dulcis, and Samuel Barnes for their
thoughtful reviews and comments on an earlier version of this manu-
script. This work was supported by a R21 (CEBRA) grant from NIDA
DA048633 and by R21 NIDA DA050821 (to N.C.S.) and by the Overland
Foundation (to N.C.S.).

Author contributions

M.P. and N.C.S. conceived the study, designed the experiments, inter-
preted the results and wrote the manuscript. M.P., AH., A.T. and H.J.
performed experiments and analyses. M.P. designed and performed the
chemogenetic and ontogenetic experiments. H-g.L and S.G. con-
tributed to experimental design and data interpretation. B.K.L. designed
the electrophysiological experiments and provided valuable input on
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-52451-x.

Correspondence and requests for materials should be addressed to
Marta Pratelli or Nicholas C. Spitzer.

Peer review information Nature Communications thanks Morgan James
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:8260

17


https://doi.org/10.1038/s41467-024-52451-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Drug-induced change in transmitter identity is a shared mechanism generating cognitive deficits
	Results
	PCP changes the transmitter of PL neurons causing cognitive deficits
	METH changes the transmitter of the same PL neurons affected by PCP
	Dopamine signaling mediates the change in transmitter phenotype
	PL hyperactivity mediates the change in transmitter and behavior
	Leveraging PL activity reverses transmitter and behavior changes

	Discussion
	Methods
	Mice
	Drugs and pharmacological treatments
	Immunohistochemistry
	TUNEL assay
	Fluorescent in situ hybridization (FISH)
	Imaging
	Cell counting
	Quantification of VGAT and VGLUT1 mRNA expression
	Stereotaxic injections
	Viral constructs
	Retrograde tracing
	Optogenetic stimulation
	Patch clamp slice electrophysiology
	Drug-induced locomotor sensitization
	Novel object recognition test (NORT)
	Spontaneous alternation task (SAT)
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




