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Abstract

The present study was conducted in the context of animal modeling of schizophrenia.
It investigated in adult rats, after transient neonatal blockade of the ventral subiculum (VSub),
the impact of a very specific non-competitive antagonist of NMDA receptors (MK-801) on
locomotor activity and dopaminergic (DAergic) responses in the dorsonshdigpart of the
nucleus accumbens (Nacc), a striatal subregion described as the common target region for
antipsychotics.

The functional neonatal inactivation of the VSub was achieved by local microinjection
of tetrodotoxin (TTX) at postnatal day 8 (PND8). Control pups were microinjected with the
solvent phosphate buffered saline (PBS). Locomotor responses and DAergic variations in the
dorsomediabkhell part of the Nacc were measured simultaneously using/o voltammetry
in awake, freely moving animals after sc administration of MK-801. The following results
were obtained: 1) a dose-dependent increase in locomotor activity in PBS and TTX animals,
greater in TTX rats/PBS rats; and 2) divergent DAergic responses for PBS and TTX animals.
A decrease in DA levels with a return to around basal values was observed in PBS animals.
An increase in DA levels was obtained in TTX animals. The present data suggest that
neonatal blockade of the VSub results in disruption in NMDA glutamatergic transmission,
causing a disturbance in DA release in the dorsomdalflin adults rats. In the context of
animal modeling of schizophrenia using the same approach it would be interesting to
investigate possible changes in postsynaptic NMDA receptors-related proteins in the

dorsomedial shell region in the Nacc.
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1. Introduction

The present study concerns animal modeling of the pathophysiology of schizophrenia. Such
modeling appears crucial for gaining a better understanding of disease and ultimately for
developing new treatments, given that existing treatments are not completely satisfactory
(Leucht et al., 2017).

Schizophrenia is a complex heterogeneous mental disorder, beginning in adolescents and
young people, and whose etiology and pathophysiology are not fully understood (Tandon et
al.,, 2013). Different hypotheses have been proposed to explain this particular
pathophysiology, the oldest being the dopaminergic (DAergic) hypothesis first put forward in
1966 (Van Rossum, 1966; see also Seeman, 1987). According to this hypothesis, which is still
one of the best established and best characterized, there exists in schizophrenia a striatal
hyperdopaminergy and a prefrontal cortical hypodopaminergy. The hypothesis of a striatal
hyperdopaminergy is reinforced by data that show that antipsychotics all exhibit the property
to block DAergic D2 receptors to some degree (Kaar et al., 2020). As regards striatal
hyperdopaminergic activity, meta-analyses of brain imaging studies suggest an increase in
DA release in either both the dorsal and ventral parts of the striatum (Nikolaus et al., 2019) or
only in the dorsal striatum (mainly in the associative striatum)(McCutcheon et al., 2018).
However, subdivisions of the ventral striatum and differential changes in these sub-territories
have never be reported in such meta-analyses, whereas preclinical studies support the view
that theshell subdivision of the nucleus accumbens (Nacc), part of the ventral striatum, is the
shared anatomical target for all antipsychotics (typical and atypical antipsychotics), with the
dorsolateral striatum being the preferential target for typical antipsychotics (Deutch et al.,
1992, Merchant and Dorsa, 1993, Mo et al., 2005; Jennings et al., 2006; Natesan et al., 2006;
Collins et al., 2014).

A second hypothesis, the glutamatergic hypothesis of schizophrenia, was proposed in parallel
following observations showing the emergence of psychotic symptoms in healthy subjects and
the worsening of such symptoms in patients with schizophrenia following administration of
N-methyl-D-aspartate receptor antagonists (NMDA), with glutamate being the main agonist
of these receptors. In other words, there are extensive data to suggest that in patients with
schizophrenia there is a dysfunction in glutamatergic transmission involving NMDA receptors
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(Itil et al., 1967; Coyle, 2012). Interestingly, postmortem studies have recently reported
reduced postsynaptic density (PSD)size at excitatory synapses in thecbiacand shell
subregions) of patients with schizophrenia compared to normal controls. This reduction could
be due to a disruption of the glutamatergic transmission in the Nacc in patients (McCollum et
al., 2015).

More recently, some 30 years ago, a third hypothesis was put forward according to which
schizophrenia is the result of disconnections in the brain between different integrative regions
and, at least in certain cases, of neurodevelopmental origin. Anomalies during early
neurodevelopment, might give rise to connection disturbances involving abnormal

myelination, and/or aberrant synaptic connectivity. According to this hypothesis, some brain
regions, such as the parahippocampal/hippocampal formation, prefrontal cortex, and striatal
regions, would be more specifically affected by these brain disconnections (Friston, 1996;
McGlashan and Hoffman, 2000; Talamini et al., 2005; Karlsgodt et al., 2008; Fornito et al.,

2012; Giezendanner et al., 2013; Weinberger, 2017; see also Meyer and Louilot, 2014).

The dysfunctioning of DAergic and glutamatergic neurotransmissions in schizophrenia could
be linked, with the hypothesis of cerebral disconnection between the different integrative
regions or the brain (Meyer and Louilot, 2014) providing the explanation. In this context, it is
important to note that the ventral subiculum (VSub), which is part of the hippocampal
formation allowing the output of the signals from the CA1 region of the hippocampus, seems
to be particularly sensitive to neurodevelopmental alterations in schizophrenia (Rioux et al.,
2003; Moyer et al., 2015). Moreover, a reduction in the volume dethg€Sub volume was
observed in patients with first episode psychosis (Briend et al., 2020). In other respects
regarding this conceptual framework, it is worth mentioning that anatomical projections from
the VSub towards theshell subregion have been described, as well as NMDA-type
glutamatergic receptors present at the presynaptic level on the DAergic terminals in this part
of the Nacc (Meredith and Totterdell, 1999). It is thus possible to consider that disconnection
of the VSub might have consequences for DA release ishihleof the Nacc through NMDA

receptors.

In light of all the above-mentioned data, the aim of the present study conducted on animals
(rats) was to determine the impact at adulthood of neonatal functional blockade of the left
VSub on locomotor activity and DAergic responses in the left dorsomadialpart of the
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Nacc after the adults had been administered the very specific non-competitive NMDA
receptor antagonist MK-801 (or dizocilpine) (Reynolds et al., 1987; Ogden and Traynelis,
2011). Locomotor hyperactivity is widely considered to be a valid behavioral marker in the
context of animal modeling of the pathophysiology of schizophrenia, due to parallels that can
be drawn between the locomotor hyperactivity observed in rodents and the emergence of, or
increase in the positive symptoms described in humans following the administration of
psychoactive drugs (Van den Buuse, 2010).

DA levels in the dorsomediahell are measured using vivo voltammetry in adult animals

(11 weeks old) in chronic preparation and free to move. Neonatal functional blocking of the
VSub is obtained by local microinjection of TTX on postnatal day 8 (PND8). TTX injected at
a critical point in the neurodevelopmental period in rats (equivalent to the end of the second
trimester of pregnancy in humans) gives rise to a decrease in myelination, a disruption of
synaptic refinement and dendritic maturation, as well an increase in NMDA receptor traffic,
all of which are described in patients with schizophrenia (see Tagliabue et al., 2017 for

discussion).

2. MATERIAL AND METHODS

2.1. Animals and experimental design:

Experiments were performed on Sprague Dawley rats issued from gestant mothers
from the breeding center Janvier-Labs (Le Genest St-Isle, France). All the experiments
comply with the ARRIVE guidelines and were carried out in accordance with Directive
2010/63/EU on the protection of animals used for scientific purposes. The experimental
procedures were all approved by the Strasbourg Regional Ethics Committee on Animal
Experimentation (CREMEAS-CEEA35) and the French Ministry of Higher Education,
Research and Innovation (authorization APAFIS# 1553-2015082613521475 v3). All the
animals used for the experiment were kept throughout under standard controlled temperature
conditions (22+2° C) and haatl libitum access to food and water. Every effort was made to
minimize the number of animals used and their suffering. During gestation, mothers were
kept in individual Plexiglas cages on a 12 hr light/dark cycle (lights on at 7 am). The day pups
were born was defined as postnatal day 0 (PNDQ). On PNDS8, the neonates were randomly
given a microinjection of either PBS (control group) or TTX (experimental group) in the left

ventral subiculum (VSub). After weaning at postnatal day PND21, only male rats were used.
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On PND56, male rats were acclimatized to a reversed light/dark cycle (lights off from 11 am
to 11 pm) before being fitted on PND70 with a specially designed microsystem that allowed
parallel measurement of behavioral responses and dopamine changes (as measiumed with
vivo voltammetry) in freely moving adult rats. About one week after surgery (on PND77),

behavioral and voltammetric recordings were made during the dark period of the reversed

light/dark cycle.

2.2. Neonate surgery:

On PNDS8, functional inactivation of the left VSub was carried out under general
inhalation anaesthesia using isoflurane (IsoFlo®, Zoetis France, Malakoff, France) and
stereotaxic surgery. The experimental procedure was identical to that previously reported in
detail (Meyer et al., 2009; Meyer and Louilot, 2011, 2012; Usun et al., 2013; Saoud et al.,
2020). According to pilot studies, naive unoperated animals did not differ from control rats
microinfused with PBS. All the pups from each litter, both males and females, received
microinjection of PBS and TTX (100M) on a random basis to avoid changes in the mather’
behavior towards one sex as opposed to the other (neglect or exacerbated attention regarding
operated, or, non-operated rats) during the period prior to weaning on PND21. A volume of
0.3ul was infused over 2min 15s at coordinates 0.6 mm anterior to bregma (AP), 4.15 mm
lateral to the midline (L), and 4.85 mm below the cortical surface (H). As presented and
discussed in prior studies (Meyer et al., 2009; Meyer and Louilot, 2011, 2012; Usun et al.,
2013) the microinfused TTX amount in the VSub corresponds to about 10 ngNiL®®.3
uL), which appears to be sufficient to allow transigractivation of the VSub for between 4
and 48hrs, within a functional inactivation radius of no more than 0.67 mm. PBS and TTX
solutions were tinted with Evans Blue (Sigma, France), a dye which remains visible in the
cerebral tissue and means the microinjection sites can be localized several weeks later. It was
possible to identify neonates by means of their three-digit metal ear tags (ref. 52-4716,
Harvard Apparatus, Les Ulis, France). After surgery, they were placed under a heating lamp

until they woke up and then returned to their mothers.

2.3. Adult surgery:

On PND70 a specially designed microsystem used to monitor the behavior and
DAergic changes in freely moving animals simultaneously (Louilot et al.,, 1987) was
6
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stereotaxically implanted in the male rats having previously undergone neonatal
microinjection in the VSub. The adult animals had the microsystem implanted in the left
dorsomedialshell part of the Nacc with the following coordinates: +10.6 mm from the
interaural line defined by the ear bars (AP coordinate); 1.6 mm from the midline defined by
the sagittal suture (L coordinate); -7.1 mm from the surface of the cortex (H coordinate)
(Paxinos and Watson, 2014). Adult rats, weighing 400 + 25 g at the time of surgery, were
anaesthetized by intraperitoneal injection of chloral hydrate (400 mg/kg; 8 ml/kg i.p.) (Field et
al., 1993), then placed in a stereotaxic frame (M2E-Unimécanique, Eaubonne, France) with
the incisor bar set at -3.3mm relative to the interaural line. To ensure as full analgesia as
possible, an additional subcutaneous (s.c.) injection of a local anaesthetic (Lurocaine®,
Vetoquinol S.A, France) was carried out at the level of the animal's head before surgery.
After surgical procedure there was a period of at least 7 days so that the operated rats could

recuperate before pharmacological studies.

2.4. Phar macological studies:

2.4.1. Behavioral analysis

The behavioral index used in this study is locomotor activity. Changes in locomotor
activity after MK-801 administration were investigated in a total of 54 implanted rats as
described above. The animals were given about 1 hr to get use to the experimental cage (24
cm wide x 27 cm long x 44 cm high) before being injected on a random basis with either a s.c.
injection of NaCl (0.9%) (control groups) or one of the two doses (0.1 mg/kg or 0.2 mg/kg) of
MK-801 (experimental groups). Following the injection, locomotor activity was recorded for
two further hours. During the pre-injection and post-injection periods, locomotor activity was
measured simultaneously with the extracellular levels of DA in the dorsonskeiapart of
the Nacc. Behavior was analyzed by direct observation after video recording. The floor of the
experimental cage was split virtually into four identical zones. Each time the rat crossed over
a virtual line separating two zones it counted as one crossing. Locomotor activity is expressed

as mean + SEM of the number of crossings per 10 min periods.

2.4.2 DAergic variations: Voltammetric analysis

The extracellular levels of DA in the dorsomedshell part of the Nacc were

measured simultaneously with the locomotor activity using electrochemical procedures
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already described in detail (Meyer et al., 2009; Meyer and Louilot, 2011; 2012; Gonzalez-
Mora et al., 2017). In short, selective detection of extracellulaimvvo was provided by
differential normal pulse voltammetry (DNPV) coupled to electrochemically pre-treated
carbon fiber microelectrodes and computerized mathematical analysis of the DNPV signal
(Gonzalez-Mora et al., 2017). For each animal, the average amplitude of the last 10 DA peaks
recorded during the control period preceding the s.c. injection was calculated and constituted
the 100 % value. The variations in the DA signal recorded per min ishéhepart of the

Nacc were then calculated as percentages (average + SEM) of the average pre-injection value

calculated on the basis of the last 10 DA peaks.

2.5. Statistics:

The statistical significance of behavioral and DAergic changes was determined using
multifactorial analysis of variance (ANOVA) with repeated measures for the time factor. Only
between-subject ANOVAs are set out here unless stated otherwise. The independent variables
were, on one hand, the postnatal microinjection, a two-level factor (PBS, TTX), and, on the
other hand, the dose administered in adulthood, a three-level factor (NaCl 0.9%, MK 801 0.1
mg/kg or MK 801 0.2 mg/kg). Moreover, the dependent variables were the crossings
(number) in the behavioral study as well as the changes in extracellular DA levels (%) in the
voltammetric study. For the behavioral stughpst hoc contrast analyses of the ANOVA
supplemented the statistical analysis so as to test specific hypotheses (Rosenthal et al., 2000).

Statistical results where p< 0.05 were considered significant.

2.6. Histology:

In order to locate the voltammetric recording site, at the end of the experiment each
animal underwent an electrocoagulation procedure already described in detail (Meyer et al.,
2009). As previously mentioned (see above 2.2), the vital dye Evans Blue is added to PBS or
TTX solutions as a way of identifying the postnatal microinjection site. Between 24 and 48
hrs after the experiments, the rats received a lethal injection of 5 ml/kg of the anaesthetic
sodium pentobarbital (Doléthal®) before being rapidly intracardially perfused with 60 ml
NaCl (0.9%) and 100 ml formalin (4%). After decapitation, animals brains were quickly
removed and held at 4-8 °C in a solution comprising paraformaldehyde (PFA) (8%) and
sucrose (30%) for at least 24 hours. After brain-sectioning, the histological sections were
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stained with Thionin (Nissl stain) for the electrocagulation site ath#ielevel in the Nacc or

with Neutral Red to reveal the Evans Blue mark in the VSub region. The different structures
were identified with precision by means of a dissecting microscope according to the Paxinos
and Watson atlas (2014).

3. RESULTS

1. Histological results (Figure 1)

Typical sites for voltammetric recording in tlskell of the left Nacc and for neonatal
microinjection in the left VSub are identifigabst mortem on frontal sections of adult rats
stained with thionine and neutral red respectively (Figure.1l). The macroscopic qualitative
analysis of the histological sections displays an absence of gliosis, and anatomical differences
between the adult rats microinjected with the PBS solution and those microinjected with the
TTX solution at PNDS, at the level of both the shell part of the Nacc and the VSub.

After histological control, only animals in respect of which the neonatal microinjection site
corresponded to the left VSub were considered for the whole study. Furthermore, rats
presenting an implantation site of the carbon fiber microelectrode not clearly located in the
dorsomedial part of thehell region of the left Nacc were excluded from the voltammetric
analysis but included for the behavioral analysis. A total of 54 animals were used for

behavioral analysis and 37 for voltammetric analysis

2. Behavioral results (Figure 2)

Before subcutaneous injection of NaCl 0.9%, MK-801 0.1 mg/kg or MK-801 0.2 mg/kg, the
locomotor activity of the 54 animals split between the different groups was not significantly
different (Figure 2). The general ANOVA performed on the 54 animals for the number of
crossings during the 10 min preceding the sc injection shows no significant effect of the dose
of MK-801 administered (F[2,48] = 2.94; ns), neither of the neonatal microinjection (F[1,48]
= 0.28; ns), nor the dose x microinjection interaction (F[2,48] = 2.2; ns).

The general ANOVA performed on the 54 animals for the number of crossings during the 60
min post-injection period shows a significant effect for the administered dose (NaCl 0.9%;
MK-801 0.1 mg/kg; MK-801 0.2 mg/kg) (F[2,48] = 24.72; p <0.00001), for neonatal
microinjection (PBS/TTX) (F[1,48] = 7.83; p < 0.01), and for the dose x injection interaction
(F [2,48] = 3.83; p <0.05). The general ANOVA performed on all 54 animals for the number

of crossings during the 120 min post-injection period reveals a significant effect for the dose
9
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administered (NaCl 0.9%; MK-801 0.1 mg/kg; MK-801 0.2 mg/kg) (F [2,48] = 24.32; p
<0.00001), and for neonatal microinjection (PBS/TTX) (F [1,48] = 5.7 ; p <0.05). On the
other hand, there is no significant effect for the dose x injection interaction (F[2,48] = 1.9;

n.s).

Contrast analysis of ANOVA was performed for the first 60 min post-injection to test the
hypothesis that locomotor activity is significantly different depending on the neonatal
microinjection (PBS or TTX) for the doses of MK-801 0.1 mg/kg and MK-801 0.2 mg/kg.
Contrast analysis for the first 60 min post-injection reveals a significant effect for the neonatal
microinjection factor for the dose 0.1 mg/kg sc (F[1,48] = 12.47; p <0.001) but not for the
dose 0.2 mg/kg sc (F[1,48] = 1.58; ns).

As regards the time course of locomotor responses, the general ANOVA performed for the 54
animals during the 60 min post-injection period reveals a highly significant effect of the time
factor (F[5,240] = 31.9; p <0.00001), a highly significant effect of the time x dose interaction
(F[10,240] = 15.21; p <0.00001), a significant effect of the time x microinjection interaction
(F[5,240] = 4.48; p <0.001), but no significant time x dose x microinjection interaction
(F[10,240] = 2.31; ns). Concerning the 120 min post-injection, the ANOVA highlights
significant effects for the time factor(F[11,528] = 27.1; p <0.00001), the time x dose
interaction (F[22,528] = 10.74; p <0.00001), the time x microinjection interaction (F[11,528]

= 3.68; p <0.0001), and the time x dose x interaction microinjection (F[22,528] = 2.31; p
<0.001).

In summary, locomotor activity following administration of MK-801 is dependent on the dose
(NaCl 0.9%; MK-801 0.1 mg/kg; MK-801 0.2 mg/kg) and neonatal microinjection in the left
VSub(PBS or TTX). More specifically, the nature of the neonatal microinjection has a
significantly different effect on the locomotor responses induced by MK-801 for the 0.1
mg/kg sc dose, but not the higher 0.2 mg/kg sc dose, during the 60 min post-injection period.
In addition, the temporal evolution of the locomotor responses appears to depend on the dose
of MK-801 administered as well as on neonatal microinjection for the 60 min as well as the

120 min post-injection.
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3. DAergic Variations in the Nacc Shell (Figure 3)

The general ANOVA performed on the 37 animals for variations in the DAergic signal during
the first 60 min post-injection shows a significant effect of neonatal microinjection (PBS or
TTX) (F[1,31] = 7.04; p <0.05) but no significant dose effect (NaCl 0.9%; MK-801 0.1
mg/kg; MK-801 0.2 mg/kg) (F[2,31] = 0.34; ns), and no significant dose X microinjection
interaction (F[2,31] = 1.37; ns).

Regarding the 120 min post-injection, the performed ANOVA reveals a significant effect of
neonatal microinjection (F[1,31] = 10.78; p <0.005), but no significant effect of dose (F[2,31]
= 0.59; ns), and no significant dose x microinjection interaction (F [2,31] = 2.97; ns).
However, a trend is observed for this interaction (p = 0.06). Note that for the dose factor, the
shape of the DAergic response curves, opposite for the PBS and TTX groups, might explain

the lack of statistical significance.

Regarding the time course of DAergic responses, the general ANOVA performed on the 37
animals during the first 60 min post-injection shows a highly significant effect of time
(F[29,899] = 8.98; p <0.00001), a highly significant time x dose interaction (F[58,899] = 2.71;
p <0.00001), a significant time x microinjection interaction (F[29,899] = 2.53; p <0.0001), as
well as a significant time x dose x microinjection interaction (F[58,899] = 1.56; p <0.01).
Similarly, for the 120 min post-injection, the ANOVA performed on the 37 animals reveals a
highly significant effect of time (F [59.1829] = 7.29; p <0.00001), a highly significant time x
dose interaction (F [118,1829] = 2.14; p <0.00001), a highly significant time x microinjection
interaction (F [59,1829] = 2.65; p <0.00001), and a significant time x dose X microinjection
interaction (F[118,1829] = 1.66; p <0.0001).

To summarize, the DAergic variations in the shell part of the left Nacc following the
administration of MK-801 are significantly dependent on the neonatal microinjection in the
left VSub(PBS or TTX). Furthermore, the time-course of DAergic responses appears to
depend on the dose administered (NaCl 0.9%; MK-801 0.1 mg/kg; MK-801 0.2 mg/kg), the
neonatal microinjection, and the interaction between these 2 factors. The interactions are
significant during both the first 60 min post-injection period and the 120 min post-injection

period.
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4. DI1SCUSSION

The present study falls within the framework of animal modeling of certain aspects of the
pathophysiology of schizophrenia. Its aim was to characterize and clarify the consequences of
the neonatal functional inactivation of left VSub at PND8, in adult rats, after sc administration
of a non-competitive NMDA receptor antagonist, exhibiting high selectivity and affinity for
these receptors, MK-801 (dizocilpine) (Reynolds et al., 1987; Ogden and Traynelis, 2011).
Two indices were used: locomotor activity and DAergic responses in the dorsoshetlial

part of the Nacc. It is important to remember that locomotor activity is of particular interest in
the context of animal modeling for schizophrenia because of the parallels that can be drawn
between the emergence of hyperlocomotion in animals and psychotic symptoms in humans
(Van den Busse, 2010). Also, the dorsomedra| part of the Nacc appears to be the
common target structure for the different types of anti-psychotics, all of which have the
property of blocking D2-type DAergic receptors (Deutch et al., 1992, Merchant and Dorsa,
1993; Mo et al., 2005; Jennings et al., 2006; Natesan et al., 2006; Collins et al., 2014). The
dorsomedialshell part of the Nacc therefore appears to be key for understanding the
pathophysiology of schizophrenia, adding to the interest of this study. The results obtained
show, first, that after administration of MK-801, locomotor hyperactivity is observed in both
groups, the control (PBS) group and the experimental (TTX) group, and that such
hyperactivity is significantly higher for the weakest dose of MK-801 (0.1 mg/kg sc) in TTX
animals. Second, as regards DAergic responses, animals microinjected with PBS in the VSub
display a rapid decrease in the DAergic response in the dorsorstetliaf the Nacc after sc
injection of MK-801, whereas animals microinjected with TTX show a marked increase in the

DAergic response in this striatal subregion.

1. Locomotor activity

The results obtained show first there is no difference between the PBS and TTX groups as
regards spontaneous locomotor activity preceding the injection of 0.9% NaCl or MK-801.
This suggests there are no basal changes in locomotor activity in TTX animals. The sc
injection of 0.9% NaCl produces a slight transient increase in locomotor activity during the 10
min post-injection for the two PBS or TTX groups, but no notable variation or difference
between the two groups is observed for the 2 hours post-injection. By contrast, injection of
MK-801 gives rise to dose-dependent locomotor hyperactivity for both PBS and TTX groups.
For the PBS group, the results are comparable to those reported by other authors (Pouvreau et
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al., 2016; Tagliabue et al., 2017; Wegener et al., 2011) showing, for identical doses of MK-
801, an increase in locomotor activity with a distinctly greater effect for the highest dose of
MK-801 (0.2 mg/kg sc) from the 20 min post-injection, an effect which begins to decline after
70 min. In the TTX group a very marked increase, peaking after 30 min, was observed
following injection of the lowest dose of MK-801 (0.1 mg / kg sc). For this dose, locomotor
hyperactivity not only peaks earlier than for the PBS group but is also significantly different
during the 60 min post-injection.

The originality of the present study is underscored by the fact that, to the best of our
knowledge, the effects of MK-801 after neonatal VSub blockade by TTX have never been
reported. However, it is interesting to compare the results with those described after neonatal
functional inactivation, by TTX at PND7, of the ventral hippocampus, a major afferent in the
VSub (Lipska et al., 2002). In the latter study, exacerbated hyperlocomotion is obtained in
TTX animals compared to PBS animals after administration of MK-801, but only for the
highest dose of 0.2 mg/kg sc, in contrast to the results of the present study. The explication for
the diverging results between these two studies might be the age difference of the animals
tested, i.e., PND56 in the Lipska’s study (2002) as opposed to PND77 in the present study,
and/or the difference in the TTX microinjection site, which was either the ventral
hippocampus or the VSub. Whatever the case may be, the greater locomotor hyperactivity of
the rats having undergone neonatal functional inactivation of the VSub with the MK-801 dose
of 0.1 mg/kg sc is compatible with an increase in the sensitivity of the NMDA receptors
and/or the number of such receptors in TTX microinjected animals. It is noteworthy in this
respect that after neonatal TTX inactivation of the prefrontal cortex (PFC), which receives
afferents from the VSub (Thierry et al., 2000), a significant difference in hyperlocomotion
was observed only with the higher dose of 0.2mg/kg sc (Pouvreau et al., 2016; Tagliabue et
al., 2017), the explanation perhaps being that inactivation of the VSub has a greater impact
than that of the PFC.

2. DAergic variations in the shefjart of the Nacc

The injection of 0.9% NaCl did not induce any different or marked changes in DA levels for
the animals in either the PBS or TTX groups. In contrast, the administration of MK-801
resulted in divergent variations in both PBS and TTX animals. Injection of the NMDA
antagonist is followed, in PBS animals, first by a dose-dependent drop in the DAergic signal
and then by a rebound upto and above basal values, whereas in TTX animals a rapid and
sustained increase in DAergic signal is observed. As far as we know, the effects of MK-801
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on extracellular DA levels in the dorsomediaé¢l| part of the Nacc after neonatal inactivation

of the VSub by TTX have never been described in the literature, making it difficult to draw
comparisons with other studies. It is to be pointed out, however, that the divergent profile of
DAergic TTX/PBS responses is similar, albeit not identical, to that obtained after TTX
functional blockade of the PFC at PND8 (Pouvreau et al., 2016).

2.1. Animals microinjected with PBS in the VSub at PND8

It might be possible to explain the data obtained in the present study based on the scheme
already proposed and discussed by Pouvreau et al. (2016) for interpreting the DAergic
variations observed in the dorsomediad| of the Nacc after administering MK-801 in adults
animals neonatally microinjected with PBS in the PFC. Basically, according to this
interpretation scheme it might be the case in the present study concerning the VSub that
opposite influences come into competition with each other after administration of MK-801:
first, direct excitatory pathways involving NMDA receptors situated presynaptically on
DAergic terminals in theshell part of the Nacc, whose blockade by MK-801 results in a
reduction in extracellular DA release, and, second, indirect inhibitory pathways involving
NMDA receptors located on GABAergic interneurons, whose inhibition by MK-801 action
would cause extracellular DA release to rise (see Pouvreau et al., 2016, for details). The data
obtained in the present study suggest the initial involvement of the excitatory pathways.

2.2 Animals microinjected with TTX in the VSub at PND8

For animals that underwent neonatal functional inactivation of the VSub with TTX at PNDS,

a dose-dependent increase in DAergic signal was observed following administration of MK-
801, unlike the DAergic decreases noted in PBS animals. Taking account of the afore-
mentioned interpretation scheme devised by Pouvreau et al. (2016) to explain the results
obtained in animals microinjected with PBS in the VSub, it seems possible to suggest that the
specific response obtained in animals in the TTX group after administration of MK-801 might
be due to preponderant involvement of indirect inhibitory pathways. In these animals the
involvement of the excitatory pathways would be greatly diminished without being
completely abolished as suggested by the absence of any increase in the DAergic signal
during the 10-15 min post-injection. Regarding more specifically the involvement of indirect
inhibitory pathways, the anatomical data show that the VSub sends direct glutamatergic
projections to the dorsomedigtiell part of the Nacc which at this level seems to innervate
mainly neurons forming part of local circuits, possibly GABAergic (Meredith and Totterdel;
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1999; French and Totterdell, 2004). Since, to the best of our knowledge, the VSub does not
directly innervate the ventral tegmental area (VTA), the region of origin of DAergic neurons
(Phillipson, 1979; Geisler et al.,, 2007), the simplest hypothesis would be that neonatal
inactivation of the VSub by TTX results in an alteration of connectivity between the VSub
and the dorsomedial Naahell, involving the NMDA receptors located in a postsynaptic
position on the shellGABAergic interneurons (see Pouvreau et al., 2016).

However, it is worth mentioning that it has been proposed that the VSub influences DA levels
in the Nacc via a polysynaptic indirect pathway involving projections from the VSub to the
Nacc, and then projections from the Nacc to the VTA via the ventral pallidum (Lisman and
Grace, 2005). First of all, a partial reduction in the number of spontaneously active VTA
DAergic neurons was observed after TTX microinjected in the VSub, which is consistent with
previous report inadult animals in acute preparation (Louilot and Le Moal, 1994).
Conversely, NMDA stimulation of the VSub was followed by a dose-dependent increase in
active VTA DAergic neurons. It appears unlikely, however, that the aforementioned
functional polysynaptic pathway was involved in the DA variations we observed, insofar as
the NMDA antagonist kynurenic acid microinjected locally in shel part of the Nacc has

no effect or inhibits the enhancement of VTA DAergic activity induced by VSub stimulation
(Lisman and Grace, 2005). If the polysynaptic Nacc-VTA pathway was involved in the
present study we would expect no change or a reduction in extracellular DA levels after MK-
801 in TTX animals microinjected at PND8, whereas marked increases were observed
(present study).

A second, parallel VSub-VTA indirect pathway involving glutamatergic projections from the
VSub to the Bed nucleus of the stria terminalis (BNST) and from the BNST to the VTA has
been reported by Glangetas et al. (2015). Microinjection of glutamatergic antagonists in the
BNST (including the NMDA antagonist AP5) inhibit the excitatory response of VTA
DAergic neurons induced by VSub stimulation. As discussed above for the Nacc-VTA
pathway, if the BNST-VTA pathway was involved in the variations observed in the present
study after MK-801 administration, no change or a decrease in DA levels would be expected
in the shell part of the Nacc in animals neonatally microinjected with TTX, whereas on the
contrary significant increases were observed.

Another, non-exhaustive possibility would be the contribution of an indirect VSub-Nacc
pathway through the PFC. Indeed, projections from the VSub to the PFC
(prelimbic/infralimbic regions) (Thierry et al., 2000) and efferents from these PFC regions to
the shell part of the Nacc have been well described, with a convergence of PFC and VSub
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projections on the same neurons in thell part of the Nacc (Sesack and Grace, 2009).
However, inasmuch as the PFC has been found to exert a complex permissive role on direct
VSub-Nacc afferents, the putative contribution of a multisynaptic VSub-PFC-Nacc pathway
would not be independent, but rather cooperative with that of the direct VSub-Nacc pathway.
Interestingly, DAergic variations induced by MK-801 administration as observed in the
present study seem faster and more marked than those previously observed after neonatal
TTX blockade of the PFC (Pouvreau et al., 2016).

To summarize, the most parsimonious hypothesis explaining the increased DAergic responses
consecutive to MK-801 administration in microinjected TTX animals at PND8 (i.e. a critical
point in the neurodevelopmental period) is the involvement of abnormal functioning of
NMDA receptors present on GABAergic interneurons situated in the dorsomedigdaiebif

the Nacc. In this context, it is important to remember that NMDA receptors are multimeric
assemblies of NR1, NR2 and NR3 subunits, with most central NMDA receptors being
NR1/NR2 assemblies (Lau and Zukin, 2007), and that NMDA receptors including a NR3
subunit (NR3A or NR3B) are insensitive to open-channel NMDA receptor blocking agents
such as MK-801 (Perez-Otano et al., 2016). Typically, NMDA receptors comprise two NR1-
type subunits and two NR2-type subunits. The NR1 subunit is generally considered
indispensable for forming a functional NMDA receptor, whereas the identity of the NR2
subunit (NR2A, NR2B, NR2C and NR2D) determines many of the properties of NMDA
receptors, particularly pharmacological properties. During postnatal development the
expression and number of NR2A subunits/NR2B subunits go up, resulting in changes in the
composition of NMDA receptors. Furthermore, interruption of the electrical neuronal activity
by TTX induces an increase in the expression of the two types of NR2 subunits and in the
synaptic number of NMDA receptors (Lau and Zukin, 2007). It is also noteworthy that
synaptic NMDA receptors are highly concentrated in the post-synaptic densities (PSD) of
excitatory synapses, where they are associated with several scaffolding and signaling proteins
(Sheng and Kim, 2011, Kaizuka and Takumi, 2018), and that, furthermore, TTX blockade
triggers a change in PSD conformation (Glebov et al., 2016). So it is tempting to suggest that
a conformational change in the PSD at the level of the dorsonshdibls also involved in

the present results. It is of interest here to note that recent post-mortem studies described a
reduction in the size of the PSD at the level of asymmetric synapsessheliheubregion of

the Nacc in patients with schizophrenia (McCollum et al., 2015).
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5. CONCLUSION

To conclude, the present results support the hypothesis that neonatal VSub functional
inactivation produces an increase in both locomotor and DAergic responses in the
dorsomediakhell part of the Nacc following administration of MK-801 in adult rats. They
further suggest that an alteration in glutamatergic transmission involving NMDA receptors
could be responsible for dysregulation in these responses, particularly the increashdih the
DAergic release, although the specific mechanisms behind changes in these responses after
neonatal inactivation merit clarification.

Finally, to further validate our approach dealing with the VSub in the context of animal
modeling of schizophrenia (Meyer et al., 2009, Meyer and Louilot, 2011, 2014; Saoud et al.,
2020) it would be interesting, after neonatal functional blockade of the VSub, to investigate
possible changes in PSD-associated proteins irstilé part of the Nacc. Indeed, it has
recently been suggested that dysregulation of PSD-95 protein expression is involved in the
pathophysiology of schizophrenia (Funk et al., 2017).
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L EGENDS

Figure 1: Microphotographs corresponding to typical recording sites in the left dorsomedial
shell part of the accumbens nucleus (A and A ’) and typical sites of neonatal microinjection in
the left ventral subiculum (B and B’).

The implantation site for the carbon fiber microelectrode in adult rats microinjected
with the PBS (A) or TTX (A ') solution at PNDS8 is visualized after electrocoagulation carried
out at the end of the recording and staining of the sections with Thionine; the fiber remained
in situ at least in part (arrow). The site of neonatal microinjection of PBS (B) or TTX (B ") in
the ventral subiculum (VSub) is identified by means of the trace left by Evans Blue (arrows)
present in the PBS and TTX solutions microinjected at PND8 and revealed after coloring the
brain sections with Neutral Red. Scale bar: 1 mm.

Cx: cortex. CC: corpus callosum. ST: striatum. Nacc: nucleus accumbens.

Figure 2: Locomotor activity after administration of MK-801 in adult rats having undergone
neonatal inactivation of the left ventral subiculum (VSub) by microinjection of TTX at post-
natal day 8 (PNDS).

Each adult animal micro-injected in the left VSub with the PBS (blue) or the TTX
(purple) solution at PND8 receives, at random, a sc injection (arrow) of NaCl 0.9% (A), MK-
801 0.1 mg/kg (B), or MK-801 0.2 mg/kg (C). Locomotor activity is measured as the number
of crossings per 10 min period. The results are expressed as mean + SEM of the number of
crossings per 10 min period. n denotes the number of rats per group. A factorial ANOVA was

used for statistical analysis.

Figure 3: Dopaminergic variations within the dorsomedtadl part of the left nucleus
accumbens after administration of MK-801 in adult rats having undergone neonatal functional
inactivation of the VSub with TTX at PNDS8.

Each adult animal microinjected in the left VSub with the PB®1( TTX (A) solution
a PND8 received, at random, a sc injection (arrow) of NaCl 0.9% (A), MK-801 0.1 mg/kg
(B), or MK-801 0.2 mg/kg (C). The extracellular levels of DA in thell of the left Nacc
were measured using Differential Normal Pulse Voltammetry (DNPV) with computer-assisted
numerical analysis of the DNPV signal. The height of each peak is expressed as a percentage
of the basal level (100%) corresponding to the mean amplitude of the last 10 peaks of DA

recorded during the control period preceding the sc injection (arrow). Each point represents
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the mean + SEM of the percentage values obtained every 2 minutes. n corresponds to the

number of rats per group. A factorial ANOVA was used for statistical analysis.
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