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Abstract

Selective potentiation of the mGlus subtype of metabotropic glutamate (mGlu) receptor using
positive allosteric modulators (PAMSs) has robust cognition-enhancing effects in rodent models that
are relevant for schizophrenia. Until recently, these effects were thought to be due to potentiation
of mGlus-induced modulation of NMDA receptor (NMDAR) currents and NMDAR-dependent
synaptic plasticity. However, “biased” mGlus PAMs that do not potentiate mGlusg effects on
NMDAR currents show efficacy that is similar to that of prototypical mGlus PAMs, suggesting
that NMDAR-independent mechanisms must be involved in these actions. We now report that
synaptic activation of mGlus is required for a form of long-term depression (mLTD) in mouse
prefrontal cortex (PFC) that is induced by activation of M1 muscarinic acetylcholine (MAChR)
receptors, which was previously thought to be independent of mGlus activation. Interestingly, a
biased mGlus PAM, VU0409551, that does not potentiate mGlus modulation of NMDAR currents,
potentiated induction of mLTD. Furthermore, coactivation of mGlus and M1 receptors increased
GABA-dependent inhibitory tone in the PFC pyramidal neurons, which likely contributes to the
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observed mLTD. Finally, systemic administration of the biased mGlus PAM reversed deficits in
mLTD and associated cognitive deficits in a model of cortical disruption caused by repeated
phencyclidine exposure that is relevant for schizophrenia and was previously shown to be
responsive to selective M; muscarinic receptor PAMSs. These studies provide exciting new insights
into a novel mechanism by which mGlug PAMs can reverse deficits in PFC function and cognition
that is independent of modulation of NMDAR currents.
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INTRODUCTION

In recent years, the metabotropic glutamate (mGlu) receptor subtype 5 (mGlus) has emerged
as an exciting new target with potential for improving cognitive function and other
symptoms associated with schizophrenia and other brain disorders.1=3 Multiple studies
reveal that highly selective mGlus positive allosteric modulators (PAMs) enhance
hippocampal synaptic plasticity*~9 and improve performance in a broad range of animal
models of cognitive function that are dependent on intact function of the hippocampus or
prefrontal cortex (PFC), and are relevant to domains of cognitive function that are disrupted
in schizophrenia patients.#10-17

Many of the physiological effects of mGlus activation are thought to be mediated by
coupling of the receptor to G,q GTP-binding proteins and subsequent mobilization of intra-
cellular calcium, activation of protein kinase C, and associated signaling pathways.18 In
addition, mGlus is a close signaling partner with the A-methyl D-Aspartate subtype of
ionotropic glutamate receptor (NMDARs) and can potentiate NMDAR function#10.19 by a
mechanism that is thought to involve multiple adaptor proteins that are independent of G 4q
signaling, including Shank, Homer, Preso 1, and Pin1.20-23 Because of the critical role of
NMDARs in multiple forms of synaptic plasticity and cognitive function, it was previously
thought that the cognition-enhancing effects of mGlus PAMs are likely mediated by
potentiation of NMDAR currents. However, we recently discovered novel mGlus PAMs that
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display stimulus bias and selectively potentiate coupling of mGlus to G,q, but do not do not
potentiate mGlus effects on NMDAR currents. Interestingly, these biased mGlug PAMs have
robust cognition-enhancing effects in unimpaired rodents,® suggesting that some cognition-
enhancing effects of mGlus PAMs are independent of their effects on NMDAR signaling. At
present, little is known about NMDAR-independent mechanisms by which mGlus PAMs can
enhance different domains of cognitive function. Thus, it will be critical to evaluate the
effects of these novel biased mGlus PAMs on specific aspects of cognitive function and
identified CNS circuits that may be relevant for the pathophysiology underlying
schizophrenia.

We now report that VU0409551, a biased mGlus PAM that does not potentiate mGlus-
induced modulation of NMDAR currents, induces a complete reversal of severe deficits in
recognition memory that are observed in young adult mice that were exposed to transient
NMDAR blockade during juvenile development. Furthermore, VU0409551 completely
reverses the deficits in a form of long-term depression (mLTD) in the prefrontal cortex
(PFC) that is induced by activation of the My muscarinic acetylcholine receptor (MAChR)
and has been shown to be closely related to deficits in recognition memory observed in this
model.24 This was surprising since mGlus agonists do not induce LTD in PFC and mLTD is
not known to involve activation of mGlus. However, further mechanistic studies revealed
that mLTD requires concurrent activation of M4 and synaptic activation of mGlug by
stimulation of glutamatergic projections from the hippocampus. Furthermore, concurrent
activation of My and mGlusg induces a long-lasting increase in inhibitory transmission,
suggesting a novel mechanism by which coactivation of these receptors can converge to
induce mLTD. Taken together, these studies provide new insights into one mechanism by
which biased mGlug PAMs can reverse behavioral deficits in an NMDAR hypofunction
model, and provide strong evidence for an overlap of mGlus and M1 functionality in the
PFC.

mGlus PAM VYU0409551 Has Behavioral Efficacy and Can Rescue Muscarinic LTD Deficits
in Repeated PCP Treated Mice

To test whether the mGlus PAM VVU0409551 has behavioral efficacy in rodent models based
on NMDAR hypofunction during juvenile development, we used a repeated phencyclidine
(PCP) treatment mouse model of schizophrenia. 5-6 week old mice were treated with 10
mg/kg PCP for 7 days (once a day, subcutaneous) followed by a 7 day washout. On the
eighth day of washout, animals were tested for recognition memory employing the novel
object recognition task. As reported earlier, animals that had been transiently treated with
PCP during juvenile development showed a significantly lower recognition index (—0.02

+ 0.07; Figure 1A) than did control vehicle-treated animals (0.20 + 0.05), indicating a deficit
in recognition memory (one-way analysis of variance (ANOVA): p=0.0099; F (4, 74) =
3.59; Dunnett’s multiple comparison test: p< 0.05; q = 2.577). However, acute pretreatment
of VUO0409551 30 min prior to the NOR task led to a dose-dependent reversal of recognition
memory deficit in the PCP-treated mice. Thus, 3 (0.08 + 0.05) and 10 (0.17 = 0.05) mg/kg
VU0409551 showed a trend toward an increase in recognition index without a significant
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increase (Dunnett’s multiple comparison test: p > 0.05; g = 1.253 for 3 mg/kg and 2.401 for
10 mg/kg). However, 30 mg/kg VU0409551 (0.25 + 0.06) significantly reversed the deficits
in recognition memory in the PCP treated mice (Dunnett’s multiple comparison test: p <
0.01; g= 3.430). Thirty mg/kg VU0409551 (0.20 + 0.07) did not significantly affect the
recognition index in vehicle treated mice (Mann-Whitney test, p = 0.9477; data not shown).

We previously found that loss of recognition memory in this model was associated with a
loss of M1-dependent mLTD induced by the cholinergic agonist carbachol (CCh) in PFC
slices.24 Furthermore, Mq mAChR PAM s restored the deficit in mLTD and also restored the
loss of recognition memory.24 Based on this association, we performed studies to determine
whether the mGlus-selective PAM could also restore the deficits in mLTD in PFC slices.
Field excitatory post synaptic potentials (FEPSPs) were recorded from layer V of the
prelimbic area of the mouse PFC in response to electrical stimulation of the superficial layer
[1/111. As observed previously,24 50 zM CCh induced robust mLTD in PFC slices from
control mice (73.3 = 5.4% baseline fEPSP) but failed to induce mLTD in the PCP treated
mice (95.6 £ 4.5% baseline fEPSP; Figure 1B). However, acute pretreatment of the brain
slices with mGlus PAM VU0409551 (10 M) for 10 min followed by a 10 min coapplication
of 50 M CCh led to the induction of mLTD in fEPSPs (52.8 + 7.3% baseline fEPSP Figure
1B and C) in slices from mice that were treated with PCP during juvenile development.
Statistical analysis confirmed that the magnitude of fEPSP depression relative to the baseline
was significantly different between CCh-alone and VU0409551/CCh conditions in the PCP
treated mice (Mann-Whitney test, p= 0.0047; Figure 1C). Thus, the mGlug PAM
VU0409551 can reverse both behavioral as well as physiological deficits in mLTD
associated with this NMDAR hypofunction mouse model.

Muscarinic LTD is Dependent on Glutamate Release from PFC Afferents

The finding that VU0409551 reversed deficits in mLTD was somewhat surprising in light of
previous studies showing that agonists of mGlus do not induce LTD in the PFC.2526 Thus,
while mGlus activation alone is not sufficient to induce PFC LTD, it is possible that synaptic
activation of mGlus plays an important role in induction of mLTD by the cholinergic
agonist. To evaluate this possibility, we performed additional studies to determine whether
induction of mLTD by CCh requires activation of glutamatergic afferents and subsequent
activation of mGlus during the period of CCh application. As observed in previous studies,
bath application of 50 gV CCh for 10 min, led to an acute depression followed by mLTD of
fEPSPs in the PFC (73.3 £ 5.4% baseline fEPSP) measured 55-60 min following the
addition of CCh (Figure 2A). To test the hypothesis that this form of LTD required
glutamatergic synaptic activity for its induction, we repeated the same experiment in the
absence of electrical stimulation during CCh application. A 10 min stable baseline was
recorded with a test pulse (0.05 Hz), after which stimulation was discontinued. After a 5 min
period, 50 M CCh was added for 10 min in the absence of any concurrent afferent
stimulation. Stimulation was resumed and fEPSPs were recorded again 20 min after the
washout of CCh. Under this condition, application of CCh failed to induce mLTD in fEPSPs
measured 55-60 min following CCh add (97.1 + 3.6% baseline fEPSP; Figure 2B and C). A
statistically significant difference was observed when the magnitude of fEPSP depression
during the 55-60 min period was compared between the two experimental conditions
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(Mann-Whitney test, p = 0.0043; Figure 2C). These results suggest that induction of mLTD
by CCh is dependent on synaptic activation and requires afferent stimulation for its
induction in the mouse PFC.

While these results suggest that CCh-induced LTD requires concurrent activation of
glutamatergic synapses during CCh application, electrical stimulation activates multiple
fiber tracks, including different glutamatergic projections to the PFC as well as fibers from
GABAergic and other neuronal populations. Thus, it is possible that this does not reflect a
requirement for activation of glutamatergic afferents at the hippocampo-PFC synapse, which
is thought to be the synapse at which mAChR activation induces mLTD.2” To more directly
test the hypothesis that mLTD requires concurrent activation of the glutamatergic
hippocampo-PFC synapse, we used optogenetic techniques to directly stimulate
glutamatergic terminals that originate from hippocampal projections to the PFC. Thus,
optically evoked fEPSPs (ofEPSPs) were recorded in layer V prelimbic PFC (Figure 2D) in
slices from mice expressing ChR2 in the hippocampal terminals. Bath application of 50 xM
CCh for 10 min, led to a robust mLTD of EPSPs (59.5 + 3.9% baseline of EPSP) measured
55-60 min following the addition of CCh (Figure 2E). This confirms that the mLTD
observed using electrical stimulation reflects, at least in part, mLTD at the hippocampal-PFC
synapse and indicates that electrical stimulation is not required but that optically evoked
glutamate release from hippocampal terminals with concurrent addition of CCh is sufficient
to induce mLTD.

Muscarinic LTD is Dependent on Activation of mGlus but Not NMDA Receptors

To test the hypothesis, that activation of mGlus is required for induction of mLTD in naive
mice, we investigated the effect of the selective mGlus negative allosteric modulator (NAM)
MPEP on mLTD. After acquiring a stable fEPSP baseline, MPEP was bath applied for 10
min followed by coapplication of CCh and MPEP for another 10 min. In the presence of
MPEP (10 M), 50 M CCh failed to induce mLTD (95.5 + 6.1% baseline fEPSP; Figure
3A). We next investigated the role of NMDARs in mLTD, as NMDARs are close signaling
partners of mGlug and have been previously shown to be important in muscarinic forms of
plasticity in other synapses.28:29 However, pretreatment of NMDAR antagonist AP-5 (100
M) for 10 min followed by a 10 min coapplication with 50 ¢M CCh failed to block CCh
induced mLTD in the PFC (71.8 £ 7.6% baseline fEPSP; Figure 3B). The magnitude of
depression relative to baseline between the AP-5/CCh, MPEP/CCh and CCh-alone condition
was statistically significant (one-way ANOVA; p=0.04; F(2,11) = 4.065; Figure 3C).
Moreover, posthoc multiple comparison tests revealed that the MPEP-CCh condition was
significantly different from the CCh-alone condition (Dunnett’s multiple comparison test p <
0.05; g= 2.543), whereas the AP-5/CCh condition was not significantly different from the
CCh/alone condition (Dunnett’s multiple comparison test p> 0.05; g = 0.165).

To further corroborate a specific role of synaptically activated mGlus in induction of mMLTD
at the hippocampo-PFC synapse, we next determined the effect of MPEP on induction of
mLTD with optically evoked of EPSPs isolated from the hippocampo-PFC synapse. After
acquiring a stable ofEPSP baseline, MPEP (10 £M) was bath applied for 10 min followed by
coapplication of CCh and MPEP for another 10 min. In the presence of MPEP, 50 MM CCh
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failed to induce LTD in ofEPSP (106.2 + 14.2% baseline ofEPSP; Figure 3D). Statistical
analysis confirmed that the magnitude of of EPSP depression relative to baseline was
significantly different between CCh-alone (Figure 2E) and MPEP/CCh conditions (Mann-—
Whitney test, p= 0.0318; Figure 3E). These results clearly show that mLTD at the
hippocampo-PFC synapse is NMDA-independent but requires coactivation of M; and mGlug
receptors.

mGlus PAM VU0409551 Can Reduce the Threshold for Muscarinic LTD

To test whether biased mGlus PAMs can facilitate mLTD in untreated mice, we investigated
whether allosteric potentiation of mGlus receptors, using the PAM VU0409551,° can reduce
the threshold for mLTD induction. Consistent with our previous results,?* a lower
concentration of CCh (10uM), induces acute depression of fEPSPs but fails to induce mLTD
(91.5 + 2.5% baseline fEPSP; Figure 4A). However, pretreatment of VU0409551 (10 1M)
for 10 min followed by a cotreatment of VU0409551 and 10 M CCh, led to the induction of
mLTD (66.1 + 6.0% baseline fEPSP; Figure 4B and C). Statistical analysis revealed a
significant difference between the 10 /M CCh alone condition and the VU0409551/CCh
condition (Mann—Whitney test, p=0.0177; Figure 4C). This indicates that potentiation of
mGlus activity can reduce the effective CCh concentration required for mLTD, further
emphasizing the critical role of mGlug receptors in mLTD.

Activation of mGlus along With CCh Application Leads to an Increased Inhibitory Tone
onto Pyramidal Neurons

The finding that mLTD requires coactivation of both M1 and mGlus, raises the question of
how these receptors interact to induce mLTD. It is known that both My and mGlus activation
can modulate GABAergic neurotransmission in the CNS.3%:31 Furthermore, previous studies
suggest that changes in inhibitory transmission play an important role in induction of LTD at
the hippocampo-PFC synapse32 and in some of the behavioral deficits associated with
transient exposure to NMDAR antagonists in juvenile development.33 Based on these
previous findings, it is possible that the converging actions of mGlug and M4 on the
inhibitory transmission in the PFC play an important role in induction of mLTD. To test the
hypothesis that mLTD is associated with lasting changes in inhibitory transmission,
spontaneous inhibitory post synaptic currents (sIPSCs) were recorded from layer V
pyramidal neurons. We assessed inhibitory tone onto excitatory projection neurons of PFC,
before and after application of CCh to induce mLTD. CCh (50 ¢M) was bath applied for 5
min after a stable baseline recording of sIPSCs. During the CCh application the superficial
layer 1/111 was concurrently stimulated at 0.05 Hz. sIPSC frequency in a 2 min bin was
calculated during baseline and then every 10 min after CCh application for 50 min, as shown
in the time course (Figure 5A). Interestingly, CCh application and concurrent afferent
stimulation led to a long-lasting increase in sIPSC frequency that could be observed 40-50
min following CCh application. A significant increase in the raw sIPSC frequency values
was observed before and 40-50 min after CCh application (Wilcoxson matched pairs signed
rank test; p= 0.0049; Figure 5A). The cumulative frequency distribution curve for inter
event intervals (IEIs) for the 40-50 min post CCh time period was left shifted compared to
baseline IEls (Figure 5B). However, no change in frequency distribution for peak amplitudes
was observed between baseline and 40-50 min post CCh (Figure 5C). Importantly, CCh
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failed to induce a long-lasting increase in sIPSC frequency when applied without concurrent
stimulation of layer I1/111 (Wilcoxson matched pairs signed rank test; p= 0.5781; Figure
5D), which was similar to the failure in inducing mLTD with CCh-alone without concurrent
stimulation. To determine whether the effect of concurrent stimulation on inhibitory tone is
mediated by mGlus, the experiments were repeated in the presence of the mGlus NAM
MPEP (30 zM). In the presence of MPEP throughout the experiment, no long-term increase
in sIPSC frequency was observed after CCh and concurrent stimulation (Figure 5E). No
significant differences were observed between baseline sIPSC frequency and that observed
50 min after CCh application (Wilcoxson matched pairs signed rank test; p= 0.3125; Figure
5E). Finally, the percent change in sIPSC frequency 40-50 min following CCh add was
compared between the three experimental conditions. Statistical analysis revealed that there
was a significant difference between the three conditions (one-way ANOVA; p = 0.0003;
F(2,21) = 12.55; Figure 5F). Moreover, posthoc multiple comparison testing revealed that
the increase in sIPSC frequency observed with CCh/Stimulation condition was significantly
different than the changes observed with CCh-alone (Dunnett’s multiple comparison test; p
<0.001; g=4.252) and in the presence of MPEP (Dunnett’s multiple comparison test; p <
0.01; g=4.036). This indicates that coactivation of mGlusg receptors during CCh application
may underlie the effects of afferent stimulation on inhibitory tone of pyramidal neurons of
mouse PFC.

Increased Inhibitory Tone Following CCh Application and mGlug Coactivation May Underlie
Expression of mLTD

To evaluate the importance of changes in inhibitory transmission via GABAp receptors for
mLTD expression in the PFC, we evaluated the ability of CCh to induce mLTD in the
presence of the GABA receptor antagonist bicuculline (20 ¢M). After a stable baseline of
electrically evoked fEPSPs was acquired in the presence of continuous perfusion of 20 ¢/M
bicuculline, 50 M CCh was applied for 10 min. In presence of bicuculline, CCh induced a
significant acute depression of fEPSPs but failed to induce mLTD measured 55-60 min
following CCh application (120.3 + 4.2% baseline fEPSP; Figure 6A). The magnitude of
change in fEPSP relative to baseline during the bicuculline/CCh condition was also
significantly different than what was observed with CCh/Stim condition (Mann—Whitney
test, p=0.0095; Figure 6B).

To assess the potential importance of this lasting increase in inhibitory tone in the depression
of the net excitatory fEPSP output during mLTD, bicuculline (20 M) was added for 2 min
in slices where mLTD was already induced with 50 M CCh and concurrent stimulation
(40-50 min after CCh application). As a control, bicuculline was also added for 2 min in
slices where no mLTD was induced but a stable baseline fEPSP was acquired (Figure 6C).
The percent change in fEPSP slope observed after bicuculline add (average of 1-5 min after
bicuculline add: 207.2 + 30.7%) in slices with mLTD induced was significantly higher
(Mann-Whitney test, p= 0.0317; Figure 6D) than that observed in slices without any mLTD
induction (average of 1-5 min after bicuculline add: 133.4 + 8.3%). This shows that there is
greater amount of disinhibition affected by bicuculline in slices with mLTD, indicating that
there is enhanced inhibitory tone during periods of mLTD. Taken together, these results
provide strong evidence that mLTD is associated with a lasting increase in GABAA receptor-
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mediated inhibitory transmission and that this plays an important role in the expression of
mLTD in mouse PFC.

DISCUSSION

Extensive previous studies suggest that cholinergic innervation of the PFC as well as
glutamatergic inputs from the hippocampus to the PFC play critical roles in multiple forms
of PFC-dependent cognitive function.34-37 Furthermore, mounting evidence suggests that
excessive transmission at hippocampo-PFC synapses and deficits in LTD at this synapse
may play important roles in the pathophysiology underlying some aspects of schizophrenia.
32,38 |n this study, we make the surprising finding that a previously described form of LTD
that is induced by cholinergic activation of My mAChRs (mLTD) is dependent on synaptic
activation of mGlus during the period of M4 receptor activation. Thus, mLTD requires
coincident activation M1 and glutamatergic hippocampo-PFC synapses and is completely
blocked by incubation with a selective mGlus NAM. Furthermore, we found that a biased
mGlus PAM that does not potentiate mGlus modulation of NMDAR currents can reduce the
threshold of mLTD in slices from naive mice. One of the most exciting aspects of the current
studies was the finding that the biased mGlus PAM completely restores deficits in mLTD,
and its systemic administration reverses deficits in a measure of recognition memory that is
severely impaired in mice that were transiently administered PCP during a one-week period
in juvenile development. While the detailed mechanisms by which mGlus and M interact to
induce mLTD and reverse deficits in this rodent model are not entirely known, our results
suggest that coactivation of mGlug and M receptors converge to induce an increase in
GABAergic inhibitory tone onto the pyramidal neurons of PFC. This in turn could tilt the
excitatory inhibitory balance toward inhibition leading to an overall depression of fEPSPs
and expression of mLTD.

The present findings are consistent with a previous report that CCh-induced LTD recorded in
layer 11/111 pyramidal cells in the PFC also required stimulation of glutamatergic afferents,2’
and provides strong evidence that this is due to a requirement for synaptic activation of
mGlus. It is interesting to note that, while activation of mGlusg alone does not induce LTD in
this particular synapse of PFC, the ability of mGlus to regulate LTD in this region has also
been observed with LTD induced by activation of dopaminergic?® and serotonergic2®
systems or in other synapses.3? Interestingly, another form of muscarinic LTD reported in
layer V pyramidal neurons in the PFC was shown to be independent of concurrent afferent
stimulation.*0 However, this form of LTD was observed in rats rather than mice, and the
studies were performed at an earlier stage of postnatal development, when mGlusg signaling
is enhanced relative to what is observed in young adult animals. This could increase tonic
activation of mGlus in the absence of afferent stimulation. Also, the previous studies were
performed at room temperature and under whole cell configuration with the membrane
voltage clamped to =70 mV where there is minimal contribution of inhibitory
neurotransmission.

While mGlus activation alone is not sufficient to induce LTD in PFC, activation of mGlug
alone induces robust LTD in the hippocampus.25:26 Interestingly, mAChR activation can also
induce hippocampal LTD, and previous studies suggest that the ability of an mGlug agonist
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to induce LTD in area CA1 of the hippocampus is lost with selective genetic deletion of the
M; mACHhR in hippocampal CA3 pyramidal cells.*! Furthermore, a specific form of LTD
that is induced by patterned high frequency stimulation in the hippocampus is dependent on
activation of both GABAA receptors and mAChRs.#2 Thus, it is possible that there are
mechanistic similarities between mLTD in the PFC and the mGlu receptor LTD in the
hippocampus, and that M4 and mGlugs work in concert to induce LTD in both regions, at
least under some conditions. However, there are also important differences between mGlus
LTD in the hippocampus and mLTD in the PFC. Most importantly, LTD induced by the
mGlus agonist DHPG at the SC-CA1 synapse of the hippocampus, is not dependent on
increased inhibitory neurotransmission#344 and is mediated by AMPA receptor endocytosis.
4546 |n contrast, the mLTD we observe here appears to be at least partly mediated by an
increase in inhibitory transmission. This is in stark contrast with another form of muscarinic
LTD reported by others in the PFC,4” where fEPSPs were generated by stimulating layer V
collaterals of PFC, instead of layer II/11l. The M dependent LTD observed in this study was
independent of GABA receptor activation. The difference on the dependence of GABAA
receptors between the two studies can be attributed to the fact that they were looking at
synaptic responses largely mediated by recurrent collaterals of other excitatory inputs to
PFC that are different from those recruited by stimulation of superficial layers. This
indicates that there are independent mechanisms for plasticity in different synapses in the
PFC.

The present findings that mLTD is accompanied by a sustained increase in inhibitory tone
onto the layer V pyramidal neurons and that this form of plasticity is lost in mice that were
exposed to PCP during juvenile development is especially interesting in light of previous
studies on inhibitory transmission in the PFC using this model. Interestingly, transient PCP
treatment at this developmental stage results in a sustained loss of GABAergic inhibition in
the PFC,4849 a selective loss of a specific subpopulation of inhibitory interneurons that
express parvalbumin,®0:51 and a shift in excitatory/inhibitory balance.32:5253 This is
important since loss of interneurons or inhibitory function is a hallmark in schizophrenia
pathology and this interneurons dysfunction could underlie many of the cognitive symptoms
of schizophrenia.>* Therefore, reversing plasticity deficits in the PFC that are dependent on
inhibitory neurotransmission can be considered as a relevant mechanism for improving
cognitive function.

Our previous report shows that the deficit in mLTD in PCP-treated mice cannot be explained
by a simple loss of function of M receptors in the pyramidal neurons.24 In the light of new
data reported here, it can be postulated that this deficit in mLTD may be due, at least in part,
to a loss in inhibitory transmission. If so, it is possible that mGlus PAMs restore mLTD in
PCP-treated mice by helping restore the loss in inhibitory tone observed in these mice. At
present, the exact mechanism by which simultaneous activation of M1 and mGlusg leads to a
lasting increase in inhibitory tone is unknown. Both M; and mGlus are expressed in
interneurons and can modulate inhibitory transmission.>®:30 Thus, it is possible that either
M1 or mGlus, or both of these receptors, located on interneurons are responsible for this
effect. However, activation of one or both of these receptors in pyramidal neurons could also
modulate inhibitory neurotransmission via a retrograde messenger system or through circuit
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level effects. In future studies, it will be important to systematically evaluate potential roles
for both mGlus and My in specific neuronal populations in inducing this response.

Previous reports have also suggested that disruptions of PFC function in response to PCP
treatment (acute or chronic) are primarily mediated by changes in the hippocampo-prefrontal
pathway.32:34.56-58 This pathway has also been implicated in cognitive functions in normal
human subjects that are relevant for several psychiatric disorders including schizophrenia.>®
Our findings show that indeed mLTD can also be replicated in the isolated hippocampo-
prefrontal pathway. However, whether the deficits observed in mLTD in the PCP treated
mice are exclusive to this pathway is not known and will be an important future direction to
understand the pathophysiology of PCP treatment and its relevance to schizophrenia.

Finally, while My and mGlus act in concert to induce mLTD, we previously showed that
potentiation of M1 receptors by a selective My PAM is sufficient to rescue the mLTD and
cognitive deficits of the PCP treated mice.24 Likewise, in the current studies, we found that
mGlus potentiation using a selective mGlus PAM can be equally effective in rescuing mLTD
and recognition memory deficits. This corroborates our hypothesis that mLTD deficits can
underlie the behavioral outcome observed in this NMDAR hypofunction model and probes
that can rescue mLTD can also improve the cognitive symptoms observed in this PCP
treatment model. However, since recognition memory is also dependent on other cortical
areas it is possible that the rescue of this phenotype are due to a potential mGlug and My
interaction or mGlus action alone in other cortical regions as well. But in either case, these
studies provide additional support to the hypothesis that mGlus PAMSs can provide a
promising therapeutic approach for the treatment of cognitive symptoms in mental disorders.
Excitingly, in this study, we used VU0409551, which unlike other mGlus PAMs ¢ g does not
potentiate coupling of mGlus to NMDAR function. Although this rodent PCP model was
based on NMDAR hypofunction, VU0409551 showed robust in vivo efficacy in this model.
This supports our hypothesis, that mGlus PAMs do not need to rely upon NMDAR
potentiation to show efficacy in in vivo models. Moreover, this study sheds light on one
potential mechanism by which biased mGlus PAMs that do not enhance NMDAR function
can show in vivo efficacy in normal animals as well disease models.

In conclusion, in this study, we have shown that mLTD is a unique form of plasticity in the
PFC that is more of a network effect. We have also provided strong evidence that mGlus and
M can interact in the PFC to modulate inhibitory neuro-transmission via GABA, receptors
and subsequently induce plasticity. Additionally, we have also shown that potentiation of
mGlus alone by PAMs that do not potentiate NMDAR function can show efficacy in animal
models based on NMDAR hypofunction. Finally, rescue of mLTD deffcits in the PFC can be
one mechanism by which these biased mGlus PAMs can show behavioral efficacy in vivo.

METHODS

Animals

All animal studies were approved by the Vanderbilt University Medical Center Institutional
Animal Care and Use Committee and were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Male C57BL6/J
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mice (Jackson laboratories) were used in electrophysiology and behavioral studies (8-9
weeks old). Animals were group housed 4-5 per cage, maintained on a 12 h light/dark cycle,
and provided food and water ad libitum.

(-)-Bicuculline methobromide, D-AP5, was purchased from Abcam bicochemicals.
Carbachol (CCh) and phencyclidine (PCP) were purchased from Sigma-Aldrich. MPEP®0
and VU04095515:9 were synthesized in house. All drugs used for electrophysiology
experiments were diluted in artificial cerebrospinal fluid (ACSF). For behavioral studies
VU0409551 and PCP were formulated in 10% Tween-80 and 0.9% Saline, respectively.

Stereotaxic Viral Injections

Mice underwent stereotaxic injections for viral-mediated gene transfer of
channelrhodopsin-2 (ChR2) at 4-5 weeks of age. Dexmetometidine/ketamine (0.5:80 mg/kg,
i.p.) was used to induce anesthesia. Following a craniotomy, four injections (400 nL at 100
nL/min) of AAV5-CaMKII-ChR2-EYFP (UNC Viral Vector Core) were delivered into the
target regions through a pulled glass pipet. Injection site coordinates were as follows
(relative to bregma): vSub [ML: £ 2.8, AP: -3.6, DV: —4.6] and vCA1 [ML.: + 3.6, AP: -3.2,
DV: -3.2]. Ketoprofen (10 mg/kg, s.c.) was administered immediately after the procedure
and then for at least another 3 days post procedure. Recordings were made 4-6 weeks
following surgery to allow sufficient expression of ChR2 in axon terminals within the PFC.

Extracellular Field Electrophysiology

Extracellular field electro-physiology was performed as reported previously.24 In brief, 8-10
week old male C57BL6/J mice (Jackson Laboratories) were anesthetized with isofluorane,
and the brains were removed and submerged in ice-cold cutting solution (in mM: 230
sucrose, 2.5 KCI, 8 MgS0Oy, 0.5 CaCl,, 1.25 NaH,POy4, 10 D-glucose, 26 NaHCO3).
Coronal slices containing the prelimbic prefrontal cortex were cut at 400 m and were
transferred to a holding chamber containing NMDG-HEPES recovery solution (in mM: 93
NMDG, 2.5 KCl, 1.2 NaH,PO4, 30 NaHCO3, 20 HEPES, 25 D-glucose, 5 sodium
ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSQOy, 0.5 CaCl,, 12 N-acetyl-L-cysteine, pH
7.3, <310 mOsm) for 15 min at 32 °C. Slices were then transferred to a room temperature
holding chamber for at least 1 h containing ACSF (in mM: 126 NaCl, 1.25 NaH,POy, 2.5
KCI, 10 D-glucose, 26 NaHCOg3, 2 CaCl,, 1 MgSQ,) supplemented with 600 M sodium
ascorbate for slice viability. All buffers were continuously bubbled with 95% O,/5% CO,.
Subsequently, slices were transferred to a 28—-32 °C submersion recording chamber where
they were perfused with ACSF at a rate of 2 mL/min. Data was analyzed offline using
Clampfit 10.2 (Molecular Devices). Data were digitized using a Multiclamp 700B, Digidata
1322A, and pClamp 10 software (Molecular Devices). Paired electrical stimulus pulses (100
45 duration, every 20 s; interpulse interval of 50 ms) of the superficial layer 1111, delivered
through a concentric bipolar stimulating electrode. For studies involving optical stimulation,
blue light (470 nm) was delivered using a High Power LED (Thorlabs Inc. Newton, NJ),
which was mounted to the epi-illumination port of an Olympus BX50W!I upright microscope
(Olympus). Blue light was shined onto slices through the 40x objective lens at 0.05 Hz
(Maximum light intensity at the site of illumination is 2.6 mW).
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Whole Cell Electrophysiology

Whole-cell patch-clamp recordings were performed using coronal PFC slices (300 pm)
prepared from 8-10 week old male C57BL6/J mice (Jackson Laboratories) and a cesium
methylsulfonate based intracellular solution consisting of the following (in mM) 70
CsCH3S03, 60 CsCl, 1 MgCly, 0.2 EGTA, 10 HEPES, 2 Mg-ATP 0.3 GTP-Nay, 10 Na,-
phosphocreatine,10 TEA, and 5 QX-314. Spontaneous inhibitory postsynaptic currents
(sIPSCs) were recorded at a holding potential of =70 mV in the presence of NMDAR
antagonist AP-5 (100uM) and AMPA receptor antagonist CNQX (20uM). The interevent
intervals (IEls) of sIPSCs from 2 min episodes during baseline and different time points post
drug application were calculated and normalized to the baseline value. These normalized
values were used to generate the sIPSC timecourse graphs. Cumulative probability plots
were constructed using the baseline and 50 min post CCh IEI values. The IEIs from each
experiment were also expressed as frequency and the mean values from the 2 min episodes
from baseline and 40-50 min post CCh were compared. All analyses were performed using
Clampfit software using template matching (v10.2, Molecular Devices).

Novel Object Recognition Task

Novel object recognition task assay was performed as explained previously.24 In brief, mice
were habituated in an empty dark colored plexiglass box (32 x 32 x 40 cm3) for 10 min.
Approximately 24 h later, the mice were injected with vehicle (10% Tween-80), 1, 3, or 10
mg/kg of VU0409551 (intraperitoneal (i.p.); 10 mL/kg) and placed back into their home
cage for 30 min. Mice were then placed back into the plexiglass box containing two identical
objects and exposed to the objects for 10 min. After the exposure period, mice were placed
back into their home cages. One hour later, they were returned to the plexiglass box in which
one of the previously exposed (familiar) objects was replaced by a novel object. The
exploration of the objects by the mice was video recorded for 10 min. A blinded observer
then scored the time spent exploring the novel and familiar object. The recognition index
was then calculated as [(time spent exploring novel object) — (time spent exploring familiar
object)]/(total time exploring objects) and reported. The recognition index would be “0”
when animals spend equal amount of time exploring each object (i.e., chance levels).

Statistical Analyses

For the novel object recognition task, groups were compared using a one-way ANOVA,
followed by Dunnett’s multiple comparison tests with the PCP-vehicle mice as the control
group. For the mLTD experiments where only two experimental conditions were compared,
the Mann-Whitney U test was performed to calculate statistical significance. For
comparisons with more than one group, a one-way ANOVA was performed followed by
Dunnett’s multiple comparison tests with CCh-alone condition as control. Changes in sIPSC
frequency before and after CCh addition was compared using a Wilcoxson matched pairs
signed rank test. Finally, percent change in sIPSC frequency between different experimental
conditions was compared using a one-way ANOVA, followed by Dunnett’s multiple
comparison tests with the CCh/stimulation condition as the control group. For all statistical
comparison, the critical p value was considered to be 0.05.
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ABBREVIATIONS
AAV5

AMPAR
ANOVA
CaMKIllI
CCh
ChR2
CNS
CNQX
DHPG
EYFP
fEPSP
GABARA
GTP
HEPES
| El
LTD
M3
mAchR
mGlusg
mg/kg
mLTD
mL/kg
MPEP
mV

mw

adeno-associated-virus serotype 5
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
analysis of variance

calcium calmodulin kinase I1

carbachol

channelrhodopsin-2

central nervous system
6-cyano-7-nitroquinoxaline-2,3-dione
3,5-dihydroxyphenylglycine hydrate
enhanced yellow fluorescence protein

field excitatory post synaptic potentials
gamma-aminobutyric acid receptor subtype A
guanosine triphosphate
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
interevent interval

long-term depression

muscarinic receptor subtype 1

muscarinic acetylcholine receptor
metabotropic glutamate receptor subtype 5
milligrams per kilograms

muscarinic long-term depression

milliliters per kilograms
2-methyl-6-(phenylethynyl)pyridine

millivolt

milliwatt
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NAM Negative allosteric modulator
NMDAR  A-methyl-D-Aspartate receptor
NMDG N-methyl-D-Glucamine

of EPSP optically evoked field excitatory post synaptic potentials

PAM positive allosteric modulator
PCP phencyclidine
PFC prefrontal cortex

SC-CA1l Schaffer collateral-Cornu Ammonis area 1

sIPSC spontaneous inhibitory post synaptic currents
TEA tetraethylammmonium

vCAl ventral Cornu Ammonis area 1

vSub ventral subiculum
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Figurel.
Biased mGlus PAM VVU0409551 dose-dependently rescues recognition memory and mLTD

deficits observed after repeated PCP exposure in juvenile mice. (A) PCP treatment (n= 17)
caused a significant reduction in recognition index compared to the vehicle group (7= 12).
However, acute pretreatment of VU0409551 (i.p.) prior to exposure to identical objects dose
dependently enhanced recognition index in PCP treated animals. Although 3 mg/kg (7= 16)
and 10 mg/kg dose (n= 17) of VU0409551 did not have a significant effect, 30 mg/kg
VU0409551 (n= 17) significantly enhanced recognition memory assessed 24 h later. Data
are expressed as mean + SEM. Multiple comparisons were carried out with PCP group
(white bar) as the control group. **p < 0.01 and *p < 0.05. (B) In PFC brain slices obtained
from mice with repeated exposure to PCP, 50 4/M CCh failed to induce mLTD (n=7).
However, pretreatment of VU0409551 (dashed line) before and during 50 xM CCh
application rescued mLTD in the PCP-treated mice (/7= 6) and led to robust depression in
PFC fEPSP (shaded gray area). Inset shows representative fEPSP traces for each condition
for baseline (black trace) and 55 min after CCh application (red trace). (C) The average
magnitude of mLTD observed in the PCP-treated experimental groups was quantified and
compared along with that of VU0409551/CCh group showing a significant increase in the
magnitude of mLTD. This indicates that the mGlug-selective PAM can rescue deficits in
muscarinic plasticity after repeated PCP treatment. Scale bars denote 0.5 mV and 5 ms. Data
are expressed as mean + SEM. **p < 0.01.
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Figure2.
Muscarinic LTD is dependent on glutamate release from PFC afferents. (A) Bath application

of 50 ¢M CCh for 10 min (solid line), led to an acute depression followed by mLTD of
fEPSPs measured 55-60 min following the addition of CCh (n= 6). (B) To examine whether
glutamate release from PFC afferents is necessary for mLTD, electrical stimulation was
suspended after 10 min of stable baseline. Following 5 min of no electrical stimulation, 50
4M CCh was added for 10 min (solid line) in the absence of any concurrent afferent
stimulation. Stimulation was resumed 20 min after the washout of CCh and fEPSPs were
recorded again for 40 min (7= 15). (C) Quantification of mLTD (normalized fEPSP slopes)
in the different experimental groups showing a significant difference in the magnitude of
mLTD observed between them. (D) Left: Schematic of viral-mediated gene transfer of ChR2
into the mouse ventral hippocampus. Right: Optically evoked fEPSPs (ofEPSPs) were
recorded in layer V of the mouse prelimbic PFC using blue light (470 nM). (E) Bath
application of 50 xM (in the absence of any electrical stimulations) CCh for 10 min led to a
robust mLTD of ofEPSPs (7= 5) similar to electrically evoked fEPSPs. Insets in (A)-(C)
show representative fEPSP/0fEPSP traces for each condition for baseline (black trace) and
55 min after CCh application (red trace). Scale bars denote 0.5 mV and 5 ms. Data are
expressed as mean £ SEM. **p < 0.01.
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Figure 3.
mLTD is mGlug dependent but NMDA independent. (A) Bath application of the selective

mGLusg negative allosteric modulator MPEP (10 M) for 10 min followed by coapplication
of 50 M CCh and MPEP blocked the induction of mLTD (n7=4). (B) Pharmacological
blockade of NMDA receptors by AP-5 (100 M) for 10 min followed by coapplication of 50
LM CCh failed to block mLTD (7= 4). (C) Magnitude of depression (outlined in gray)
relative to baseline in AP-5/CCh, MPEP/CCh were compared with that of CCh-alone
condition reported in Figure 2B and C. There was a significant difference across all three
groups and posthoc analysis revealed that mLTD in the MPEP-CCh group was significantly
different than CCh-alone group. (D) Pretreatment of MPEP also blocked CCh-induced
mLTD of ofEPSPs in hippocampo-PFC pathway (7= 3). (E) Bar graph of ofEPSP
depression relative to baseline in CCh alone (Figure 2E) and MPEP/CCh groups showing
significant differences in mLTD between the 2 groups. Data are expressed as mean + SEM.
Insets in (A), (B), and (D) show representative fEPSP/ofEPSP traces for each condition for
baseline (black trace) and 55 min after CCh application (red trace). Scale bars denote 0.5
mV and 5 ms. **p < 0.01 and *p < 0.05.
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Figure 4.

MGIus PAM VU0409551 can reduce the threshold of mLTD. (A) Time-course graph
showing that, unlike 50 /M CCh, application of 10 xM CCh for 10 min produces negligible
mLTD (shaded gray area; n=7). (B) The biased mGlus PAM VU0409551 (10 M)
potentiated the threshold 10 ;M CCh-mediated response as 10 min pretreatment with
VU0409551 (dashed line) and 10 min coapplication of 10 xzM CCh led to a robust mLTD
(shaded gray area; 7= 15). Inset shows representative fEPSP traces for each condition for
baseline (black trace) and 55 min after CCh application (red trace). (C) Bar graph of fEPSP
depression relative to baseline of the two experimental groups. There was a significant
difference in the magnitude of mLTD observed with 10 ¢ CCh alone compared with the
VU0409551/10 M CCh condition. Scale bars denote 0.5 mV and 5 ms. Data are expressed
as mean = SEM. *p < 0.05.
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Figure5.
Activation of mGlug with CCh leads to increased inhibitory tone. (A) Left: SIPSCs were

recorded from layer V pyramidal neurons and sIPSC frequencies were normalized to
baseline and displayed as a time course. After 5 min of baseline, 50 zM CCh was bath
applied for 5 min with concurrent stimulation at 0.05 Hz. This led to a delayed increase in
sIPSC frequency 50-60 min following addition of CCh (7= 11). Right Right top: Raw
sIPSC frequency values from baseline and post CCh are plotted for each cell recorded and
compared statistically showing a significant increase in frequency from baseline. Right
bottom: Sample trace for a typical cell before CCh (black) and post-CCh application (red).
(B,C) Cumulative percentage plots comparing pre-mLTD (black) and post-mLTD (red) for
IEI (B) and amplitude (C) of sIPSCs are shown here for the data plotted in (A). Data
displayed in (D) and (E) similarly to (A). (D) CCh failed to induced long-term increases in
sIPSC frequency when applied without concurrent stimulation (7= 7). (E) There was no
change in sIPSC frequency when 50 ¢M CCh was applied during concurrent stimulation in
the presence of MPEP (dashed line) for the entire experiment (7= 6). (F) Graph comparing
the normalized sIPSC frequency for all three conditions, shows that percent change in sIPSC
frequency from baseline observed with CCh/Stimulation condition was significantly
different than the changes observed with CCh-alone and in the presence of MPEP. Scale bars
denote 50 pA and 2 s. Error bars represent the mean £ SEM. ***p < 0.001 and **p < 0.01.
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Figure 6.
Increased inhibitory tone may underlie expression of mLTD. (A) Time-course graph of

fEPSP recordings showing that application of 50 £M CCh in the presence of the GABAA
antagonist bicuculline (20 xM) for the entire experiment fails to produce mLTD (7= 4). (B)
The magnitude of mLTD (gray area of 5a) was significantly different in the presence of
bicuculline compared to 50 M CCh alone as observed in Figure 2A. Inset shows
representative fEPSP traces for baseline (black trace) and 55 min after CCh application (red
trace). (C) Bicuculline was added for 2 min in slices where mLTD was already induced with
CCh and stimulation (n=15). This addition was 40-50 min after the application of CCh and
led to a larger change in fEPSP compared to the effect of bicuculline in slices without mLTD
induction (n=15). (D) Bar graphs plotting the percent change in fEPSP slope after
bicuculline add (gray area in C) shows that the magnitude of disinhibition was significantly
higher in slices with mLTD induced than in slices without any mLTD induction. Scale bars
denote 0.5 mV and 5 ms. Error bars denote SEM. **p < 0.01 and *p < 0.05.

ACS Chem Neurosci. Author manuscript; available in PMC 2018 October 18.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS
	mGlu5 PAM VU0409551 Has Behavioral Efficacy and Can Rescue Muscarinic LTD Deficits in Repeated PCP Treated Mice
	Muscarinic LTD is Dependent on Glutamate Release from PFC Afferents
	Muscarinic LTD is Dependent on Activation of mGlu5 but Not NMDA Receptors
	mGlu5 PAM VU0409551 Can Reduce the Threshold for Muscarinic LTD
	Activation of mGlu5 along With CCh Application Leads to an Increased Inhibitory Tone onto Pyramidal Neurons
	Increased Inhibitory Tone Following CCh Application and mGlu5 Coactivation May Underlie Expression of mLTD

	DISCUSSION
	METHODS
	Animals
	Drugs
	Stereotaxic Viral Injections
	Extracellular Field Electrophysiology
	Whole Cell Electrophysiology
	Novel Object Recognition Task
	Statistical Analyses

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

