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Protease activated receptor-1 (PAR-1) and its ligand, matrix metalloproteinase-1 (MMP-1), are

. altered in several neurodegenerative diseases. PAR-1/MMP-1 signaling impacts neuronal activity in

. various brain regions, but their role in regulating synaptic physiology in the ventral striatum, which is

. implicated in motor function, is unknown. The ventral striatum contains two populations of GABAergic
spiny projection neurons, D1 and D2 SPNs, which differ with respect to both synaptic inputs and
projection targets. To evaluate the role of MMP-1/PAR-1 signaling in the regulation of ventral striatal
synaptic function, we performed whole-cell recordings (WCR) from D1 and D2 SPNs in control mice,

' mice that overexpress MMP-1 (MMP-10E), and MMP-10E mice lacking PAR-1 (MMP-10E/PAR-1KO).

. WCRs from MMP1-OE mice revealed an increase in spontaneous inhibitory post-synaptic current
(sIPSC), miniature IPSC, and miniature excitatory PSC frequency in D1 SPNs but not D2 SPNs. This
alteration may be partially PAR-1 dependent, as it was not present in MMP-10E/PAR-1KO mice.
Morphological reconstruction of D1 SPNs revealed increased dendritic complexity in the MMP-10E,

: but not MMP-10E/PAR-1KO mice. Moreover, MMP-10E mice exhibited blunted locomotor responses

. to amphetamine, a phenotype also observed in MMP-10E/PAR-1KO mice. Our data suggest PAR-1

. dependent and independent MMP-1 signaling may lead to alterations in striatal neuronal function.

Matrix metalloproteinase-1 (MMP-1) is a member of the MMP family of secreted, cell surface, zinc depend-
ent endopeptidases'. While MMP-1 can process extracellular matrix molecules including collagens?, along with
MMP-3 and -13 it is relatively unique in its ability to potently activate protease activated receptor-1 (PAR-1)°.
Protease activated receptor-1 is a 7-transmembrane domain G-protein coupled cell surface receptor (GPCR)
expressed on neurons, astrocytes, and microglia*”’. Proteolytic cleavage within the extracellular N-terminal
domain of PAR-1 reveals a tethered ligand, which activates the receptor®’. Endogenous activators of PAR-1
include thrombin and MMP-1*¢. PAR-1 activation is associated with multiple intracellular cascades, including
increased release of calcium from intracellular stores, decreased cyclic AMP/protein kinase A signaling, and
increased RhoA activity'®-!2 In addition, the receptor may be linked to 3-arrestin dependent signaling cascades’.

The role of physiological PAR-1 in neuronal processing and health is complex. Studies have linked it to both

. neuronal protection and damage'*'*, with divergent effects likely due to levels and localization of specific acti-

vators. Consistent with this, MMP levels must be “fine-tuned” in that too little or too much of a specific family
member may be inimical to neuronal function'. This finely tuned balance may be altered in neurological disor-
ders; for example, MMP-1 is highly expressed by activated astrocytes' and its levels are increased in Alzheimer’s
disease. Similarly, PAR-1 expression is increased in astrocytes in Parkinson’s disease and HIV encephalitis!”!8.

. Though beyond scope of the present study, PAR-1 activation can also contribute to endothelial injury, as well as

© tumoral, ischemic and inflammatory pathology®.

Despite abundant expression of PAR-1 and activating proteases in varied brain regions, few studies have
examined the effects of this axis on neurotransmission in the striatum, in particular the nucleus accumbens core.
Previously published work has shown that MMP activity and/or PAR-1 activation can alter neuronal excitation
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and inhibition, promote NMDA receptor function, and induce long term potentiation in the hippocampus®-2%,

Recent work also demonstrated that MMP dependent PAR activation is critical to increased NMDA function
in the hippocampal stratum radiatum?!.

PAR-1 and it activators are also expressed in the striatum?. The role of the MMP-1/PAR-1 axis in regulating
striatal neurophysiology, however, has not been yet examined. PAR activating MMPs are increased in a murine
model of Parkinson’s disease (PD)%, and PD symptomatology is exacerbated by alterations of synaptic trans-
mission onto D1 and D2 SPNs and alterations of their excitability*”?%. One possibility is that MMP-1 dependent
PAR-1 activation leads to an imbalance on synaptic transmission onto D1 and D2 SPN. In the present study we
test this hypothesis with specific tools including whole-cell recordings and MMP-1 transgenic mice in which
specific striatal neurons are fluorescently labeled.

Results

Alterations in inhibitory and excitatory transmission. We compared the average frequency, ampli-
tude, rise time, and decay time of synaptic currents in D1 and D2 SPNs in control?, MMP-10E mice (mice
that overexpress MMP-1), and MMP-10E/PAR-1KO mice (MMP-10E mice that lack PAR-1). Both spontaneous
inhibitory postsynaptic currents (sSIPSCs) and miniature IPSCs (mIPSCs) as well as miniature excitatory PSCs
(mEPSCs) were measured to probe the source of alterations in inhibitory and excitatory currents.

sIPSC frequency was significantly increased in D1 SPNs from MMP-10E mice (1.4+0.16 Hz) in compar-
ison to those from either control® (0.71 & 0.14 Hz, p =0.0165) or MMP-10E/PAR-1KO mice (0.74 £0.13 Hz,
p=0.0219, Fig. 1a,c). sIPSC frequency in D1 SPNs did not differ between control and MMP-10E/PAR-1KO mice
(p>0.9999). sIPSC peak amplitude (p=0.8827), rise time (p =0.5522), and decay time (0.4744) from D1 SPNs
did not differ as a function of genotype (Fig. 1d,e,f).

To determine whether the alterations in inhibitory transmission are due to action potential dependent or inde-
pendent release of neurotransmitter we also assed tetrodotoxin -insensitive mIPSCs (TTX, voltage-gated sodium
channel blocker). mIPSC frequency was increased in D1 SPNs of MMP-10E (0.95 £ 0.13 Hz) mice in comparison
those from either control® (0.39 +0.08 Hz, p=0.0102) or MMP-10E/PAR-1KO mice (0.39 £+ 0.07 Hz, p=0.0067,
Fig. 1b,g). mIPSC peak amplitude (p=0.5378), rise time (p =0.5019), and decay time (p =0.7770) did not differ
as a function of genotype (Fig. 1h,i,j).

Conversely, sIPSC frequency in D2 SPNs was comparable between control® (1.3 4+ 0.21 Hz), MMP-10E
(1.4£0.16 Hz) and MMP-10E/PAR-1KO (1.1 £ 0.20 Hz) mice (p =0.4931, Fig. 2a,c). sIPSC peak amplitude
in D2 SPNS did not differ between MMP-10E/PARKO (35.8 4 3.64 pA) and either control® (26.8 +2.33 pA,
p=0.3733) or MMP-10E (36.1 £3.14 pA, p > 0.9999, 2d) mice. However, sIPSC peak amplitude was signifi-
cantly smaller in control mice compared to MMP-1 OE mice (p = 0.0456). sSIPSC rise time (p =0.0974) and decay
time (p=0.6770) did not differ as a function of genotype (Fig. 2e,f).

Additionally, mIPSC frequency in D2 SPNs did not differ between control® (1.0 +0.19 Hz), MMP-10E
(1.0+0.15Hz), and MMP-10E/PAR-1KO (0.88 +0.20 Hz) mice (p =0.6489, Fig. 2b,g). mIPSC average ampli-
tude (p =0.2707), rise time (p = 0.4866), and decay time (p=0.1268) did not differ as a function of genotype
(Fig. 2h,ij).

Excitatory transmission was also assessed during biccuculline methobromide (BMR, GABA , receptor antagonist)
application to block the occurrence of GABAergic IPSCs. mEPSC frequency was increased in D1 SPNs of
MMP-10E mice (0.60 & 0.12 Hz) compared to control® (0.23 £ 0.08 Hz, p =0.0427) and MMP-10E PAR-1KO
mice (0.25+0.09 Hz, p = 0.0256, 3a). Peak amplitude (p =0.1130), rise times (p = 0.3327), and decay times
(p=0.4357) for mEPSCs in D1 SPNs did not differ as a function of genotype (Fig. 3b,c,d). mEPSC frequency
(p=0.4236), peak amplitude (p=0.5511) and rise times (p =0.3142) in D2 SPNs did not differ as a function of
genotype (Fig. 3e,f,g).

mEPSC decay time in D2 SPNS did not differ between MMP-10E (19.2 £ 0.74 pA) and either control®
(18.8+1.77 pA, p>0.9999) or MMP-10E/PAR-1KO (23.4 4 1.59 pA, p =0.1488, 3h) mice. However, mEPSC
decay time was significantly smaller in control mice compared to MMP-1 OE/PAR-1KO mice (p =0.0497).

Passive and active properties. We assessed the passive and active membrane properties of D1 and
D2 SPNs in the control, MMP-10E, MMP-10E/PARKO mice. Membrane properties for D1 and D2 SPNs
are compared and summarized in Table 1. The membrane resistance of D1 SPNs of the MMP-10E/PAR-
1KO (258 + 31 MQ) mice was increased compared to control® (144 + 11 MQ, p=0.0128) and MMP-10E
(141 £10MQ, p=0.0026) mice. The membrane resistance of D2 SPNs did not differ between the three geno-
types (p =0.8143). Additionally, the time constant of D1 SPNs in the MMP-10E/PAR-1KO mice (12 £ 1.3 ms)
was increased compared to control® (7 £ 0.8 ms, p=0.0026) and MMP-10OE (8 & 0.8 ms, p = 0.0224) mice, but
the time constant of D2 SPNs did not differ as a function of genotype (p =0.2648). Neither membrane capaci-
tance (D1 SPNs p=0.6951, D2 SPNs p =0.6588) or resting membrane potential (D1 SPNs p=0.2978, D2 SPNs
p=0.2109) differed as function of genotype for either D1 or D2 SPNs. We also quantified the effect of BMR on D1
SPNs of control and MMP-10E mice and failed to see a significant difference in tonic current (data not shown).

Altered excitability and dendritic complexity. Our data revealed differences in excitability as a func-
tion of genotype with correlating alterations in dendritic complexity. Increasing depolarizing current injections
led to an increase of action potentials fired in D1 SPNs (F,; 54, =75.29, p < 0.0001). There was no main effect of
genotype (F,,,=3.044, p=0.0681), but there was significant interaction between these variables (F,, ,,, =2.588,
p=0.0002). The source of this difference was decreased D1 SPN excitability in the MMP-10E mice compared to
control and MMP-10E/PAR-1KO mice at 100 pA injections (pontror = 0.0013, pavp-108/par-1k0 = 0.0321) and 110
PA injections (P ontrol = 0.0013, Prrvp-108/par-1k0 = 0.0480, Fig. 4a,b).
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Figure 1. Increased sIPSC and mIPSC frequency in D1 SPNs of MMP-10E mice is not seen in MMP-10E/
PAR-1KO mice. Representative traces of (a) sSIPSC and (b) mIPSC whole-cell voltage-clamp recordings from
D1 SPNs in a control mouse (left), MMP-10E mouse (middle), and MMP-10E/PARKO mouse (right). (c)
sIPSC frequency in D1 SPNs in MMP-10E mice is increased compared to control mice (p =0.0165) and MMP-
10E/PAR-1KO mice (p=0.0219). Comparison of sSIPSC peak amplitude (d), rise time (e), and decay time (f)
between control, MMP-10E, and MMP-10E/PAR-1KO mice. N = control (14 cells from 10 animals), MMP-
10E (12 cells from 10 animals), and MMP-10E/PAR-1KO (16 cells from 11 animals). Kruskal-Wallis test with
Dunn’s multiple comparisons. (g) mIPSC frequency in D1 SPNs in MMP-10OE mice is increased compared to
D1 SPNs of control mice (*p =0.0102) and MMP-10E/PAR-1KO mice (**p =0.0067). Comparison of sSIPSC
peak amplitude (h), rise time (i), and decay time (j) between control, MMP-10OE, and MMP-10E/PAR-1KO
mice. The data source for controls is the same as in Al-muhtasib et al., 2018%. N = control (9 cells from 8
animals), MMP-1OE (10 cells from 9 animals), and MMP-10E/PAR-1KO (13 cells from 11 animals). Kruskal-
Wallis test with Dunn’s multiple comparisons.

D1 SPNs of MMP-10E mice displayed increased dendritic complexity as compared to control and MMP-10E/
PAR-1KO mice as measured by Sholl analysis (Fig. 4c—e). As expected, dendritic complexity increased as a dis-
tance from the soma (Fs 650 =84.17, p < 0.0001). There was no main effect of genotype (F, ,,=2.533, p=0.0989),
but there was a significant interaction between these variables (Fs, g5, = 1.576, p=0.0083). D1 SPNs of MMP-10E
mice displayed increased dendritic complexity in comparison to controls and MMP-10E/PAR-1KO mice between
60 pm (Peontrol = 0.0196, Prvip-108/par-1k0 = 0.0099) and 80 pm (peonirol = 0-0070, Primp-108/paR-1k0 = 0.0137).
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Figure 2. sIPSC and mIPSC frequency in D2 SPNs did not differ as a function of genotype. Representative
traces of (a) sSIPSC and (b) mIPSC whole-cell voltage-clamp recordings from D2 SPNs in a control mouse
(left), MMP-10E mouse (middle), and MMP-10E/PARKO mouse (right). (c) sIPSC frequency in D2 SPN did
not differ as a function of genotype (p=0.4931). (d) sIPSC peak amplitude in D2 SPNS did not differ between
MMP-10E/PARKO (35.8 + 3.64 pA) and either control (26.8 +2.33 pA, p=0.3733) or MMP-10E (36.1 +3.14
PA, p>0.9999) mice. However, sSIPSC peak amplitude was significantly smaller in control mice compared

to MMP-1 OE mice (p = 0.0456). Rise time (p=0.0.0974) (e) and decay time (p=0.6770) (f) did not differ
between control, MMP-10E, and MMP-10E/PAR-1KO mice. N = control (14 cells from 11 animals), MMP-
10E (16 cells from 11 animals), and MMP-10E/PAR-1KO (11 cells from 10 animals). Kruskal-Wallis test

with Dunn’s multiple comparisons. (g) mIPSC frequency in D2 SPN did not differ as a function of genotype
(p=0.6489). Comparison of mIPSC peak amplitude (h), rise time (i), and decay time (j) between control,
MMP-10E, and MMP-10E/PAR-1KO mice. The data source for controls is the same as in Al-muhtasib et al.,
2018%°. N = control (11 cells from 7 animals), MMP-10E (12 cells from 10 animals), and MMP-10E/PAR-1KO
(10 cells from 9 animals). Kruskal-Wallis test with Dunn’s multiple comparisons.

Additionally, D1 SPNS in MMP-10E mice displayed increased dendritic complexity compared to controls
between 90 pm (p =0.0085) and 120 pm (p =0.0209). The altered dendritic complexity was also observed as
an increased number of tertiary branches of D1 SPNs in MMP-10E mice compared to control (p =0.0002), and
MMP-10E/PAR-1KO (p =0.0152) mice (Fig. 4f). The number of branches increased as a function of branch
complexity (F, 5, =8.121, p=0.0009). There was no main effect of genotype (F,,,=2.764, p=0.0816), but there
was an interaction between these two variables (F, 5, =8.121, p =0.0068). Branch length did not differ across
the three genotypes (Fig. 4g). There was an effect of branch complexity on length (F, 5, =4.087, p=0.0225), but
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Figure 3. Increased mEPSC frequency in D1 SPNs of MMP-10E mice is not seen in MMP-10E/PAR-1KO
mice. (a) mEPSC frequency was increased in D1 SPNs of MMP-10E mice (0.60 & 0.12 Hz) compared to control
(0.23 £0.08 Hz, p=0.0427) and MMP-10OE PAR-1KO mice (0.25+0.09 Hz, p =0.0256). Comparison of mIPSC
peak amplitude (b), rise time (c), and decay time (d) in D1 SPNs between control, MMP-10OE, and MMP-
10E/PAR-1KO mice. N = control (9 cells), MMP-10E (9 cells), and MMP-10E/PAR-1KO (9 cells). Kruskal-
Wallis test with Dunn’s multiple comparisons. (e) mEPSC frequency in D2 SPN did not differ as a function of
genotype. Comparison of mIPSC peak amplitude (f), rise time (g), and decay time (h) in D2 SPNs between
control, MMP-10E, and MMP-10E/PAR-1KO mice. The data source for controls is the same as in Al-muhtasib
et al., 2018%. N = control (9 cells), MMP-10E (11 cells), and MMP-10E/PAR-1KO (6 cells). Kruskal-Wallis test
with Dunn’s multiple comparisons.

no main effect of genotype (F,,s=0.2904, p=0.7504) or an interaction between these variables (F, 5, =1.896,
p=0.1251).

Increasing amplitude of depolarizing current steps led a significant increase in action potential firing rate in
D2 SPNs (F); 59, =101.6, p < 0.0001), there was a main effect of genotype (F,,;,=5.128, p=0.0129), and there
was a significant interaction between genotype and current injection (F,, 5o, =3.152, p= < 0.0001, Fig. 5a,b). The
source of this difference was decreased D2 SPN excitability in the MMP-10E and MMP-10E/PAR-1KO mice
compared to control mice between 40 pA injections (Pypp-10r = < 0.0001, Prvp-10E/paR-1k0 = 0.0085) and 80 pA
injections (Pymp-10e = 0-0013, Prvip-10E/paR-1K0 = 0.0379).

Dendritic complexity of D2 SPNs differed as a function of genotype (Fig. 5¢,d,e). Control D2 SPNs had
decreased complexity between 40 pm (p =0.0263) and 70 pm (p =0.0287) compared to MMP-10E mice.
Furthermore, MMP-10E/PAR-1KO mice displayed increased complexity compared to control mice between 80 pm
(p=0.0259) to 100 pm (p =0.0006). At 110 pm, D2 SPNs in MMP-10E/PAR-1KO mice displayed increased
complexity compared to control (p=0.0039) and MMP-10OE mice (p =0.0329). As expected there was increased
complexity as a function of distance from the soma (Fs goo = 143.5, p < 0.0001). There was no main effect of gen-
otype (F,3,=2.59, p=0.0.0906), but there was a significant interaction between these variables (F5 499 =1.972,
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D1 SPNs D2 SPNs
Control MMP-10E | MMP-10E/ PAR-1KO | Control MMP-10E | MMP-10E/ PAR-1KO
Membrane Resistance (MQ) 144+11 141+£10 258 +31% 203432 236129 230+32
Time Constant (ms) 7.0+£0.8 8.1+0.8 120.24+1.3* 85+1.2 11+1.4 11+1.4
Capacitance (pF) 55+6.4 57+3.9 48+5.2 45+4.6 51+6.5 53+6.4
RMP (mV) —69+£1.95 —71£1.0 —71+£14 —66+2.1 —71£23 —-70+£2.1
# of cells 19 27 15 17 16 15
# of animals 13 20 12 13 12 11

Table 1. Summary of passive properties of D1 and D2 SPNs as a function of genotype. The membrane
resistance of D1 SPNs of the MMP-10E/PAR-1KO mice was increased compared to control (p=0.0128) and
MMP-10E mice (p=0.0026). The time constant of D1 SPNs in the MMP-10E/PAR-1KO mice was increased
compared to control (p =0.0026) and MMP-10E (p =0.0224). The data source for controls is the same as in
Al-mubhtasib et al., 2018%.

p=20.0001). Additionally, there were fewer tertiary branches on D2 SPNs of control mice compared to MMP-
10E/PAR-1KO mice (p =0.0369, Fig. 5f). There was a main effect of branching on number of branches
(F,64=30.26, p < 0.0001), but no main effect of genotype on number of branch type (F, 3, =1.962, p=0.1571) or
an interaction between genotype and branch complexity (F, 4, = 1.384, p=0.2496). Branch length did not differ
across the three genotypes (Fig. 5g). There was an effect of branching on length (F, ¢, = 10.01, p=0.0002), but no
effect of genotype (F, 3, =1.617, p=0.2143), or an interaction of these variables (F¢, = 1.216, p=10.3128).

Alterations in amphetamine induced locomotion. Motor behavior was assessed via evaluation of
both spontaneous and amphetamine induced locomotion in control, MMP-10E, and MMP-10E/PAR-1KO
mice (Fig. 6a,b). There were no differences between spontaneous locomotion and locomotor response to saline
as a function of genotype. Amphetamine injection increased locomotor activity [total distance traveled] in all
three genotypes. There was a main effect of amphetamine injection (F; ;43 = 26.52, p < 0.0001), but no main effect
of genotype (F, 5, =3.036, p=0.0560). The drug by genotype interaction approached statistical significance
(Fg.168=1.794, p=0.1030). A priori we hypothesized that MMP1-OE mice would display altered response to
amphetamine challenge, therefore we evaluated the response across genotypes during the amphetamine-exposed
period. The effect of amphetamine was decreased in MMP-10OE mice compared to control mice (p =0.0005).

Discussion

Here, we report that genetic over-expression of MMP-1 triggers increased synaptic inhibition and excitation onto
D1 SPNs, but not D2 SPNs in the nucleus accumbens core. Moreover, we show that inhibition and excitation are
normal in MMP-1 overexpressing mice that lack PAR-1, a known substrate expressed on neurons and glia®’. In
addition, increased inhibitory and excitatory synaptic input onto D1 SPNs was associated with increased den-
dritic complexity of D1 SPNs and a blunted locomotive response to amphetamine. A subset of morphological and
behavioral effects was absent in MMP1-OE/PAR-1KO mice. Taken together, these results suggest a significant role
for the MMP-1/PAR-1 axis in the regulation of striatal physiology and behavioral functions.

There are several possible mechanisms that may account for the increased PSC frequency we observed in D1
SPNs from MMP-10E mice. Non-mutually exclusive possibilities include: altered excitability of the presynaptic
cell, altered vesicular release, or altered dendritic complexity. Though increased excitability of presynaptic cells
may have contributed to the increase in sIPSC frequency, this is unlikely to be the only mechanism involved
in that we observed increases in both sIPSC frequency and action potential-independent mIPSC frequency.
Increased presynaptic release probability is also a plausible contributor to the increase in PSC frequency. Further
studies are needed to identify which presynaptic inhibitory inputs onto D1 SPNs may be affected by MMP-10E.
The most probable source of increased inhibitory synaptic input to SPNs are striatal interneurons. GABAergic
interneurons, although a minority of cells in the striatum, are potent sources of inhibitory synaptic input to SPNs.
Multiple classes of interneurons make both somatic and dendritic connections onto both D1 and D2 SPNs*-3>. By
contrast, collateral inhibition from other SPNs seems less plausible for several reasons. First, excitability of both
D1 and D2 SPNs was decreased, a profile that would not be consistent with increased release. Second, while D1
SPNs preferentially synapse onto D1 SPNs*¢, D2 SPNs synapse onto both D1 and D2 SPNs. Given that we detected
increased IPSC frequency only in D1 neurons, a global increase in presynaptic activity of D2 SPNs would be
expected to impact both populations. It is worth noting that although the microcircuitry of the ventral striatum
might be similar to that of the dorsal striatum, it has yet to be fully elucidated.

Increased dendritic complexity can also lead to an increase of IPSC and mEPSC frequency because it allows
for increased synaptic connectivity’”8. Whole-cell recordings with a potassium chloride-based internal solution
can accurately detect currents originating in dendrites up to 100 pm from the soma®. The increased dendritic
complexity seen in D1 SPNs of the MMP-10E mice occurred between 60 pum and 80 pm from the soma, thus, the
increased synaptic transmission observed may be due in part to the altered dendritic tree. Although we observed
increased dendritic complexity in D2 SPNs of MMP-10E and MMP-10E/PAR-1KO mice, similar alterations in
PSC frequency were not observed. This dissociation may be due to the increased dendritic complexity occurring
distal to the soma, likely beyond the spatial detection limit of PSCs.

Both PAR-1 dependent and PAR-1 independent effects of MMP1-OE were also evident in the passive and
active membrane properties of SPNs: D1 and D2 SPN excitability was decreased in the MMP-1OE mice compared
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Figure 4. Altered D1 SPN excitability and morphology in MMP-10E mice. (a) MMP-10E D1 SPNs display
decreased excitability compared to control and MMP-10E/PAR-1KO D1 SPNs. Increasing current injections
led to increased action potential numbers (F,; 54, =75.29, p < 0.0001). There was no main effect of genotype
(F,,,=3.044, p=10.0681), but there was an interaction between these variables (F, ,4, =2.588, p=0.0002).

(b) Representative traces from current clamp recordings of D1 SPNs from control (left), MMP-10E (middle),
and MMP-10E/PAR-1KO (right) mice. D1 SPNs N = control (8 cells from 7 animals), MMP-10E (8 cells from
6 animals), and MMP-10E/PAR-1KO (9 cells from 7 animals). 2-way ANOVA. (c) Z projections of confocal
images stacks of biocytin filled D1 SPNG. Slices are from control (left), MMP-10E (middle), and MMP-10E/
PAR-1KO (right). (d) Neurons from c traced. Soma is in magenta, primary dendrites are in red, secondary

in cyan, and tertiary in yellow. Images from control (left), MMP-10E (middle), and MMP-10E/PAR-1KO
(right). (¢) MMP-10E D1 SPNs have increased dendritic complexity in comparison to control and MMP-10E/
PAR-1KO mice between (*) 60 pm (Pcontrol = 0-0196, Prinvip-108/par-1x0 = 0.0099) and 80 pm (poniroi = 0.0070,
Puvmp-10EpaR-1x0 = 0.0137). Additionally, D1 SPNS in MMP-10E mice displayed increased dendritic complexity
compared to controls (A) between 90 pm (p=10.0085) and 120 pm (p=0.0209). There was an effect of distance
from the soma (Fs 650 = 84.17, p < 0.0001). There was no main effect of genotype (F, 54 =2.533, p=0.0989),
but there was a significant interaction between these variables (F5 450 =1.576, p=0.0083). (f) MMP-10E D1
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SPNs exhibit increased number of tertiary branches in comparison to control (¥**p =0.0002) and MMP-10E/
PAR-1KO (*p=0.0152) mice. Number of branches increased as a function of branch complexity (F, 5, =8.121,
p=0.0009). There was no main effect of genotype (F, ,,=2.764, p =0.0816), but there was an interaction
between these two variables (F, 5, =8.121, p=0.0068). (g) Branch length did not differ between the three
genotypes. There was an effect of branch complexity on length (F, 5, =4.087, p=0.0225), but no main effect

of genotype (F, ,,=0.2904, p=0.7504) or an interaction between these variables (F, s, =1.896, p=0.1251).
The data source for controls is the same as in Al-mubhtasib et al., 2018?°. N = control (8 cells from 8 animals),
MMP-10E (10 cells from 9 animals), and MMP-10E/PAR-1KO (11 cells from 10 animals). 2-way ANOVA and
Kruskal-Wallis test with Dunn’s multiple comparisons test.

to controls. These effects may be due in part to increased dendritic complexity*’. The excitability and complexity
of D1 SPNs was normalized in the MMP-10E/PAR-1KO mouse, but the decreased excitability and complexity
of D2 SPNs was not. Interestingly we observed an increase in the membrane time constant and resistance of D1
SPNs of MMP-10E/PAR-1KO mice; this may have resulted in no net change in excitability in these mice, these
changes in membrane properties likely have opposing effects. Assessing the properties and expression of potas-
sium channels (e.g., those mediating the inward rectifying potassium current), as they are key regulators of SPN
excitability, will help to further elucidate the mechanisms at play.

The effects of MMP-10E on synaptic transmission were selective to D1 SPNs. Neither IPSC or EPSC fre-
quency differed as a function of genotype in D2 SPNs. Published work using single cell RNAseq revealed PAR-1
expression in astrocytes, D1 SPNs, and D2 SPNs in the striatum, with the greatest expression in astrocytes*!. PAR-
1’s actions could thus be through neuronal or astrocytic mechanisms. With respect to the latter possibility, PAR-1
has been implicated in astrocyte-neuron interactions, also known as the tetrapartite synaptic model*> Moreover,
in the striatum, SPNs activate subsets of astrocytes, which in turn activate homotypic SPNs*. PAR-1 signaling in
a D1 SPN - astrocyte microcircuit, a tetrapartite synapse, could thus also contribute to the effects we detected.
A neuronal PAR-1 mechanism at simple pre-synaptic/post-synaptic neuron model, may also contribute to the
phenotype observed™’. Studies will need to probe the cell specific and subcellular localization of PAR-1 to further
understand the alterations observed. Furthermore, activation of PAR-1 releases an N-terminal domain which acts
on endothelial cells and inhibits angiogensis*. The role of the released peptide in altering synaptic transmission
in the brain has yet to be examined. Another possibility is unidentified endogenous peptide ligands that can sub-
stitute for the cleavage generated tethered ligand may exist in the brain. Acute PAR-1 activation alters glutamate
uptake and thus excitatory transmission in the hippocampus®. Whether a similar mechanism occurs at inhibitory
synapses in the striatum due to chronic PAR-1 activation has yet to be determined.

In addition to altered synaptic function of D1 SPNs, we found increased dendritic complexity in both D1
and D2 SPNs of MMP-10E mice. The increased dendritic complexity seen in the D1 SPNs of MMP-10E mice
is not observed in the MMP-1/PAR-1KO. Consistent with this, prior studies have shown that PAR-1 activation
regulates calcium flux in neurons and increases hippocampal dendritic complexity®*. Given that the increased
complexity seen in the D1 SPNs was normalized in the MMP-10E/PAR-1KO mouse, this phenotype is likely
PAR-1 dependent. By contrast, D2 dendritic arbor was not normalized in MMP-10E/PAR-1KO mice, suggesting
that PAR-1 independent effects may be driving these changes. Possibilities include breakdown of the extracellular
matrix (ECM) which has been linked to dendritic growth and altered synaptic transmission*”. Moreover, disrup-
tion of the ECM is found in many neurodegenerative states, such as Alzheimer’s disease, epilepsy, and multiple
sclerosis®®.

Although the dorsal striatum is a major regulator of locomotor behavior, recent evidence has implicated the
ventral striatum as a player as well. For example, loss of dopamine D2 signaling in the ventral striatum can lead
to a blunted locomotor response?. Similarly, in a mouse model of autism, decreased inhibitory transmission onto
D1 SPNs in the nucleus accumbens was correlated with increased spontaneous locomotion®’. Our results reveal
a blunted locomotive response to amphetamine in MMP-10E mice. The phenotype we observed may be due to
the altered excitability of D1 and D2 SPNs or the synaptic inputs onto these neurons. While we focused on the
ventral striatum, the transgenic approach we used was global. Thus, we cannot rule out a contribution of other
brain regions or mechanisms to this motor phenotype. Potential contributors include altered dorsal striatal func-
tion, altered presynaptic dopamine neuron function or post-synaptic dopamine receptor signaling. Spontaneous
locomotion was not altered in these mice suggesting that the two motor behaviors have distinct neuronal mech-
anisms. These studies highlight the complex underpinning of distinct motor functions and its neurological basis.

A caveat of our present studies is that we were unable to examine mice that lack PAR-1 in the absence of
MMP-1 overexpression. The limited litter sizes and high in utero mortality reported for PAR-1KO mice made
this experiment practically unattainable®. Interestingly, crossing the MMP-10E mouse to the PAR-1KO mouse
rescued the early mortality previously reported in this strain, enabling the experiments we performed. In light of
this caveat, we note that gross brain structure is normal in PAR-1 knockout mice®. As for the MMP-10E/PAR-
1KO mice, although the murine orthologue of MMP-1 is not expressed in the absence of pathology*®, additional
PAR-1 activators including MMP-3 and -13 are physiologically expressed®?!. Importantly, while the increased
synaptic transmission observed in the MMP-1OE mice were not observed in the MMP-10E/PAR-1KO, a portion
of the changes (e.g., intrinsic excitability, dendritic arborization in D2 SPNs) persisted in the MMP-10E/PAR-
1KO mouse. This suggests that MMP-1 may be acting via a combination of PAR-1 dependent and independent
mechanisms, consistent with the fact that MMP-1’s actions are likely mediated by multiple mechanisms including
its potential to generate integrin binding ligands®!. Our work was performed on mice that overexpressed MMP-1
or lacked PAR-1 throughout development, which may bear relevance to MMP-1 promoter polymorphisms that
affect expression in a relatively persistent manner. Taking into considerations the role of the MMP-1/PAR-1 axis
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Figure 5. Altered D2 SPN excitability and morphology in MMP-10E and MMP-10E/PAR-1KO mice. (a)
Input/output curve for D2 SPNs displaying decreased excitability in MMP-10E and MMP-10E/PAR-1KO
mice. Increasing amplitude of depolarizing current steps led to a significant increase in action potential firing
rate in D2 SPNGs for all genotypes (F; 5, = 101.6, p < 0.0001). There was a main effect of genotype (F,,, =5.128,
p=0.0129), and a significant interaction between genotype and current injection (F,; 9, = 3.152, p=< 0.0001).
(b) Representative current clamp recordings of D2 SPNs from control (left), MMP-10E (middle), and MMP-
10E/PAR-1KO (right). N = control (10 cells from 6 animals), MMP-10OE (8 cells from 6 animals), and MMP-
10E/PAR-1KO (12 cells from 11 animals). (c) Z stack projections of confocal images of biocytin filled D2 SPNs.
Slices from control (left), MMP-10OE (middle), and MMP-10E/PAR-1KO (right) mice. (d) Neurons from ¢
traced. Soma is in magenta, primary dendrites in red, secondary in cyan, and tertiary in yellow. Images from
control (left), MMP-10E (middle), and MMP-10E/PAR-1KO (right). (e) Control D2 SPNs displayed decreased
complexity between 40 pm (p =0.0263) and 70 pm (p =0.0287) compared to MMP-10E mice (*). MMP-10E/
PAR-1KO mice displayed increased complexity compared to control mice (*) between 80 pm (p =0.0259)

and 100 pm (p =0.0006). At 110 pm, MMP-10E/PAR-1KO mice displayed increased complexity compared

to control (p=0.0039) and MMP-10E mice (p =0.0329, #). There was increased complexity as a function of
distance from the soma (Fs g9 = 143.5, p < 0.0001), no main effect of genotype (F, 3, =2.59, p =0.0.0906),
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but there was a significant interaction between these variables (Fs 499 = 1.972, p=0.0001). (f) Control D2

SPNs exhibit decreased number of tertiary branches compared to MMP-10E MMP-10E/PAR-1KO mice
(*p=0.0369). There was a main effect of branching (F, ¢, = 30.26, p < 0.0001), but no main effect of genotype
(Fy3,=1.962, p=0.1571) or an interaction of these variables (F, s, = 1.384, p=0.2496). (g) Branch length did
not differ across the genotypes. There was an effect of branching (F, ¢, =10.01, p = 0.0002), but no effect of
genotype (F,3,=1.617, p=0.2143), or an interaction of these variables (F, 5, =1.216, p=0.3128). The data
source for controls is the same as in Al-mubhtasib et al., 2018%°. N = control (12 cells from 8 animals), MMP-10E
(15 cells from 8 animals), and MMP-10E/PAR-1KO (8 cells from 8 animals). 2-way ANOVA and Kruskal-
Wallis test with Dunn’s multiple comparisons test.

inflammatory and ischemic pathology;, it is of importance to evaluate the effect of persistent PAR-1 activation
on physiology'®. However, we acknowledge that disease states including PD may instead involve a temporally
restricted upregulation of this product by activated glia, and thus the pattern of changes observed may differ from
long-term upregulation®. These data provide an initial evaluation of MMP-1/PAR-1 signaling in the striatum.
Further studies will need to examine the effect of more temporally and spatially restricted signaling such admin-
istration of recombinant MMP-1 into the striatum.

MMPs play a vital role in facilitating excitatory synaptic plasticity in the hippocampus that is specific for
both distinct MMPs and lamina®!'. Our results revealed a specificity of MMP-10E for D1 SPNs in the nucleus
accumbens core which is correlated with increased dendritic complexity. The altered motor behavior is present
in both mouse models suggesting MMP-1’s actions on locomotion may not be PAR-1 mediated. These data are
of importance because of the alteration of both MMP-1 and PAR-1 in several neurological diseases with a motor
dysfunction component'”!, The MMP-1/PAR-1 axis may contribute the locomotor phenotype observed in these
diseased states. This opens the door for treatments focusing on MMP-1 and/or PAR-1.

Materials and Methods

Animals. Bacterial artificial chromosome (BAC) D2 enhanced green fluorescent protein (EGFP) and BAC
D1 tdTomato mice were crossed to obtain a mouse that expresses both D2-EGFP and D1-tdTomato®>**. The
MMP-1 over expressing transgenic (MMP-10E) mice are global overexpressers, displaying no aggregates, and
have been previously validated*®. The human MMP-1 (hMMP-1) cDNA (Dr. ] DAmriento, Columbia University)
was subcloned downstream of the GFAP promotor. The hMMP-1, is an orthologue of the mouse MMP-1a and
more importantly is an activator of the mouse PAR-1'>. The MMP-10E mice were crossed with the global
PAR-1 knock out mice, which have also been validated (MMP-10E/PAR-1KO, F2r'™!A<Jackson Laboratory). All
mice were maintained on the C57BL/6 background. Mice were group-housed in barrier cages in rooms with a
12-hour:12-hour light/dark cycle and permitted free access to food and water. The procedures performed were in
accordance with and approval by Georgetown University Animal Care and Use Committee (GUACUC).

Both male and female mice were used for all studies and were combined when found to not be statistically
different. We used two different mating pair strategies. The first strategy resulted in wild-type control and MMP-
10E mice. These mice were used for whole-cell recordings, morphological reconstruction, and the locomotion
assay. The second strategy produced all three genotypes: control, MMP-10E and MMP-10E/PAR-1KO mice.
This strategy generated smaller numbers of control and MMP-1OE, therefore, for the electrophysiology and mor-
phological reconstruction experiments we used MMP-10E/PAR-1KO mice from the second mating strategy
and compared them to control and MMP-1OE from the first mating strategy. When a litter contained all three
genotypes from the second breeding strategy these mice were used for the locomotion assay; we were able to
obtain 2 control, 8 MMP-10E and 17 MMP-10E/PAR-1KO mice for locomotor testing across several litters
from the second breeding strategy. Because control and MMP-10E animals from this second breeding strategy
did not differ significantly from the first breeding strategy, data were combined for further analysis. The control
data set (wild-type animals) generated for this study were used in a concurrent, but separate set of statistical
analyses. These analyses, comparing the properties of D1 and D2 neurons in wild-type animals were published?.
The present manuscript, while using the same control data set, does not duplicate any of the statistical analyses
previously reported.

The litter size of PAR-1KO mice (4 pups/litter) is significantly smaller than that of control (7 pups/litter,
p=0.0097), MMP-1OE (7 pups, p =0.0097), and MMP-10E/PAR-1KO mice (6 pups/litter, p=0.0238). Due to
this constraint, the studies focused on control, MMP-10E and MMP-10E/PAR-1KO mice. Interestingly, crossing
the MMP-10E mouse to the PAR-1KO mouse rescued this phenotype.

Brain slice preparation. Slices were prepared from postnatal day 17-23 (P17-23) mice. Mice were sacri-
ficed by decapitation in agreement with the guidelines of the American Veterinary Medical Association Panel on
Euthanasia and the GUACUC. The whole brain was removed and placed in an ice-cold cutting solution contain-
ing (in mM): NaCl (87.3), KCl (2.7), CaCl, (0.5), MgSO, (non-hydrate) (6.6), NaH2PO, (1.4), NaHCO; (26.0),
dextrose (25.0), sucrose (75.1). A Vibratome 3000 Plus was used to prepare 250 pm thick striatal coronal slices.
The slices were incubated in artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl (123.9), KCI (4.5),
Na,HPO, (1.2), NaHCO; (26.0), CaCl, (2.0), MgCl, (1.0), and dextrose (10.0) at 305 mOsm at 32 °C for 30 min-
utes. The slices were incubated for an additional 30 minutes in the same solution at room temperature. Solutions
were continuously bubbled with 95% O,/5% CO, to maintain a pH of 7.4.

Recording. Slices were visualized using an upright microscope (E600FN, Nikon) equipped with Nomarski
optics and a 60X water immersion objective with a long working distance (2mm) and high numerical aperture
(1.0). Recording electrodes with a resistance of 4-6 M(Q) were prepared from borosilicate glass capillaries.
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Figure 6. Disruption of amphetamine induced locomotion in MMP-10E mice. (a) A timeline of ambulatory
distance for the mice. Testing occurred as follows: one-hour baseline, one hour post saline injection, two hours
post amphetamine injection. (b) Adult (P50-70) MMP-10E mice exhibit a blunted locomotive response to
amphetamine injection in comparison to age matched controls (p =0.0005). Spontaneous locomotion and
response to saline are unaltered. There was a main effect of amphetamine injection (F; ;3 = 26.52, p < 0.0001),
but no main effect of genotype (F, 5s=3.036, p=0.0560). The drug by genotype interaction was approaching
statistical significance therefore we preformed post hoc tests (F ;63 = 1.794, p =0.1030).

A KCl-based internal solution containing (in mM): KCI (145.0), HEPES (10.0), ATP-Mg (5.0), GTP-Na
(0.2), EGTA (5.0) and adjusted to pH 7.2 with KOH was used for all recordings. Voltage-clamp recordings were
achieved using the whole-cell configuration method at a holding voltage of -70 mV using the MultiClamp 700B
amplifier. All recordings were performed at room temperature, 22-24°C. Recordings were performed from D1
and D2 SPNs in the area directly surrounding the anterior commissure (nucleus accumbens core). Cell type
was determined by fluorescence expression (red only or green only) and firing pattern. Responses to increasing
hyperpolarizing and depolarizing current injections (20 pA steps) were obtained to assess passive properties, and
action potential firing pattern and number. Access resistance was monitored periodically during the experiment
and recordings with a >20% change were discarded. Recordings were filtered at 2 kHz with a low-pass Bessel
filter and digitized at 20kHz using a personal computer equipped with Digidata 1440 data acquisition board and
pCLAMP10 software.

Working solutions of tetrodotoxin (TTX, 1 M) and bicuculline methobromide (BMR, 25 M) were pre-
pared in aCSF and locally applied to the slice via Y tube®”. Prior to drug application, the whole cell currents were
acquired for five minutes to obtain spontaneous inhibitory postsynaptic currents (sIPSCs), at which time TTX
was applied to study miniature IPSCs (mIPSCs), lastly BMR was applied to evaluate GABA , mediated tonic
current and miniature excitatory PSCs. NBQX was not used for the measurement of IPSCs as to not disturb
the network activity®®. The rapid decay kinetics of AMPA-mediated EPSCs allowed us to exclude them from
IPSC analysis®®-®2. Moreover, EPSC contamination for our recordings is minimal as seen by the low frequency
of mESPCs. As in acute corticostriatal slices, SEPSC and mEPSC frequency are equivalent, we only recorded
mEPSCs®.

Morphological Reconstruction. Whole-cell recordings were obtained using the internal solution detailed
above with the addition of 0.5% biocytin. Neurons were then injected with 35 steps of hyperpolarizing and depo-
larizing current injections in current clamp mode (100 ms, 20 pA). After approximately 15 minutes of recording,
an outside-out seal was obtained to prevent leakage after filling, and slices were allowed to rest for another 45 min-
utes before fixation. Slices were then fixed with 4% sucrose/4% paraformaldehyde in 0.1 M phosphate buffered
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saline (PBS) at room temperature for 2 hours. The slices were subsequently washed with 0.5% triton-X in 1X PBS
for at least 30 minutes. Slices were then incubated in avidin-fluorescein (2.5 ul/mL) for 2 hours. Afterwards, slices
were washed overnight and then mounted with Vectashield, H-1000 mounting medium to be imaged.

Imaging of slices was performed using a ThorLabs resonance laser scanning confocal microscope with 488 nm
and 547 nm argon laser on a Nikon Eclipse FN1 upright microscope with a 60x water immersion lens (1.0N.A.)
ora40Xlens (0.9N.A.) or a 20x lens (0.5N.A.).

Locomotion assay. A week prior to behavioral testing, animals were handled to minimize confounding
results due to stress. Mice were placed in an acrylic locomotor arena (40 x 40 x 30 cm, 1 x w x h) and allowed to
freely explore for 1 hour. After 1 hour, mice were injected with saline 0.1 ml/10 g body weight, intraperitoneal
(ip) and allowed to freely explore in the area. After an hour, animals were injected with d-amphetamine sulfate
(2.5mg/kg, ip) and locomotor activity was monitored for an additional 2 hours®***. Total distance for each hour
block was analyzed. While not specific for striatal function, the prolocomotor effects of amphetamine are pri-
marily driven by dopamine release in the striatum accordingly dopamine antagonists® in the nucleus accumbens
block d-amphetamine induced locomotor activity®.

Experimental design and Statistical analysis. Bar graphs of frequency, peak amplitude, rise time, and
decay time displayed average values and standard error of the mean. Data were analyzed by cell number and only
1-2 cells were recorded per animal. Outliers were determined using the ROUT test with a stringent exclusion
threshold (Q=1%) and were excluded from all datasets as follows: passive properties (MMP-10E D1 SPNs=1
cell/1 animal), active properties (Control D2 SPNS =1 cell/1 animal, MMP-10E/PAR-1KO D2 SPNs=1 cell/1
animal), current data (Control D1 SPNs=1 cell/1 animal, MMP-10E D1 SPNs = 2 cells/2 animals, MMP-10E/
PAR-1KO =2 cells/2 animals, control D2 SPNs =2 cells/2 animals), dendritic architecture (Control D1 SPNs=3
cells/3 animals, MMP-10E D1 SPNs =2 cells/2 animals, MMP-10E/PAR-1KO D1 SPNs =1 cell/1 animal,
Control D2 SPNs =2 cells/2 animals, MMP-10E D2 SPNs =4 cells/4 animals, MMP-10E/PAR-1KO D2 SPNs =2
cells/2 animals) and behavior (control = 1, MMP-10E = 4, MMP-10E/PAR-1KO = 1). For the dendritic archi-
tecture data, the Sholl results were used. A cell was considered excluded if it contained 3 or more points that were
found to be outliers. The N reported only includes the data used for statistical analysis.

IPSCs/EPSCs were measured using ClampFit template search and visually confirmed®*®!. Frequency of PSCs
was measured directly as the number of events divided by the length of the recording. Resting membrane poten-
tial was measured at I =0. Passive properties were measured from the voltage response to hyperpolarizing current
injections. Action potential firing rate was measuring manually from depolarizing current injections. Bioyctin
injected cells were traced using the Fiji Neuron] plugin and dendritic arborization was analyzed using the Sholl
analysis plugin®’.

Electrophysiological and morphological reconstruction data were analyzed separately for the D1 and D2
populations as a function of genotype. The data were tested for normality and the appropriate parametric or
non-parametric tests were used. For IPSC/EPSC parameters and passive properties statistical significance was
assessed using the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison test. Neuronal firing
pattern was analyzed by 2-way ANOVA with genotype as a between subject factor and current intensity as a
within subject factor. Morphological analyses were conducted using a 2-way ANOVA for the Sholl analysis,
Kruskal-Wallis for the length and individual branch count parameters. Locomotion assay data were analyzed by
2-way ANOVA with genotype as a between subject factor and time as a repeated measure; data summed across
hourly blocks were analyzed via Kruskal Wallis test. In all cases P values less than 0.05 were considered to be
statistically significant.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

References

1. Sternlicht, M. D. & Werb, Z. How matrix metalloproteinases regulate cell behavior. Annu. Rev. Cell Dev. Biol. 17, 463-516 (2001).

2. Manka, S. W. et al. Structural insights into triple-helical collagen cleavage by matrix metalloproteinase 1. Proc. Natl. Acad. Sci. USA
109, 12461-12466 (2012).

3. Boire, A. et al. PARI Is a Matrix Metalloprotease-1 Receptor that Promotes Invasion and Tumorigenesis of Breast Cancer Cells. Cell
120, 303-313 (2005).

4. Hollenberg, M. D. & Compton, S. . International Union of Pharmacology. XXVIII. Proteinase-Activated Receptors. Pharmacol. Rev.
54,203-217 (2002).

5. Junge, C. E. et al. Protease-activated receptor-1 in human brain: localization and functional expression in astrocytes. Exp. Neurol.
188, 94-103 (2004).

6. Wang, H., Ubl, J. J. & Reiser, G. Four subtypes of protease-activated receptors, co-expressed in rat astrocytes, evoke different
physiological signaling. Glia 37, 53-63 (2002).

7. Weinstein, J. R., Gold, S. J., Cunningham, D. D. & Gall, C. M. Cellular localization of thrombin receptor mRNA in rat brain:
expression by mesencephalic dopaminergic neurons and codistribution with prothrombin mRNA. J. Neurosci. 15, 2906-2919
(1995).

8. Macfarlane, S. R, Seatter, M. J., Kanke, T., Hunter, G. D. & Plevin, R. Proteinase-Activated Receptors. Pharmacol. Rev. 53, 245-282
(2001).

9. Traynelis, S. E. & Trejo, J. Protease-activated receptor signaling: new roles and regulatory mechanisms. Curr. Opin. Hematol. 14,
230-235 (2007).

10. Junge, C. E. et al. The contribution of protease-activated receptor 1 to neuronal damage caused by transient focal cerebral ischemia.
Proc. Natl. Acad. Sci. 100, 13019-13024 (2003).

11. Klarenbach, S. W., Chipiuk, A., Nelson, R. C., Hollenberg, M. D. & Murray, A. G. Differential Actions of PAR2 and PARI in
Stimulating Human Endothelial Cell Exocytosis and Permeability. Circ. Res. 92, 272-278 (2003).

SCIENTIFICREPORTS|  (2018) 8:16230 | DOI:10.1038/541598-018-34551-z 12



www.nature.com/scientificreports/

12.

13.
. Xi, G, Reiser, G. & Keep, R. E The role of thrombin and thrombin receptors in ischemic, hemorrhagic and traumatic brain injury:

15.
16.
17.

18.

19.
20.

21.

22.

23

25.

26.

27.

28.

29.

30.

31

33.

34,

35.

36.

37.

38.

39.
40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

Offermanns, S., Laugwitz, K. L., Spicher, K. & Schultz, G. G proteins of the G12 family are activated via thromboxane A2 and
thrombin receptors in human platelets. Proc. Natl. Acad. Sci. USA 91, 504-508 (1994).
Gingrich, M. B. & Traynelis, S. E. Serine proteases and brain damage - is there a link? Trends Neurosci. 23, 399-407 (2000).

deleterious or protective? J. Neurochem. 84, 3-9 (2003).

Wiera, G. et al. Impact of matrix metalloproteinase-9 overexpression on synaptic excitatory transmission and its plasticity in rat
CA3-CALl hippocampal pathway. J. Physiol. Pharmacol. Off. ]. Pol. Physiol. Soc. 66, 309-315 (2015).

Leake, A., Morris, C. M. & Whateley, J. Brain matrix metalloproteinase 1 levels are elevated in Alzheimer’s disease. Neurosci. Lett.
291, 201-203 (2000).

Boven, L. A. et al. Up-Regulation of Proteinase-Activated Receptor 1 Expression in Astrocytes During HIV Encephalitis. J. Immunol.
170, 2638-2646 (2003).

Ishida, Y., Nagai, A., Kobayashi, S. & Kim, S. U. Upregulation of protease-activated receptor-1 in astrocytes in Parkinson disease:
astrocyte-mediated neuroprotection through increased levels of glutathione peroxidase. J. Neuropathol. Exp. Neurol. 65, 66-77
(2006).

Tressel, S. L. et al. A matrix metalloprotease-PAR1 system regulates vascular integrity, systemic inflammation and death in sepsis.
EMBO Mol. Med. 3,370-384 (2011).

Almonte, A. G. et al. Protease-activated receptor-1 modulates hippocampal memory formation and synaptic plasticity. . Neurochem.
124,109-122 (2013).

Brzdak, P. et al. Synaptic Potentiation at Basal and Apical Dendrites of Hippocampal Pyramidal Neurons Involves Activation of a
Distinct Set of Extracellular and Intracellular Molecular Cues. Cereb. Cortex N. Y. N 1991, https://doi.org/10.1093/cercor/bhx324
(2017).

Kaczor, P, Rakus, D. & Mozrzymas, ]. W. Neuron-astrocyte interaction enhance GABAergic synaptic transmission in a manner
dependent on key metabolic enzymes. Front. Cell. Neurosci. 9 (2015).

. Maggio, N. et al. Thrombin regulation of synaptic transmission: Implications for seizure onset. Neurobiol. Dis. 50, 171-178 (2013).
24.

Wojtowicz, T. & Mozrzymas, ]. W. Matrix metalloprotease activity shapes the magnitude of EPSPs and spike plasticity within the
hippocampal CA3 network. Hippocampus 24, 135-153 (2014).

Hamill, C. E., Mannaioni, G., Lyuboslavsky, P., Sastre, A. A. & Traynelis, S. F. Protease-activated receptor 1-dependent neuronal
damage involves NMDA receptor function. Exp. Neurol. 217, 136-146 (2009).

Hamill, C. E. et al. Exacerbation of Dopaminergic Terminal Damage in a Mouse Model of Parkinson’s Disease by the G-Protein-
Coupled Receptor Protease-Activated Receptor 1. Mol. Pharmacol. 72, 653-664 (2007).

Keeler, J. E, Pretsell, D. O. & Robbins, T. W. Functional implications of dopamine D1 vs. D2 receptors: A ‘prepare and select’ model
of the striatal direct vs. indirect pathways. Neuroscience 282, 156-175 (2014).

Lemos, J. C. et al. Enhanced GABA Transmission Drives Bradykinesia Following Loss of Dopamine D2 Receptor Signaling. Neuron
90, 824-838 (2016).

Al-muhtasib, N., Forcelli, P. A. & Vicini, S. Differential electrophysiological properties of D1 and D2 spiny projection neurons in the
mouse nucleus accumbens core. Physiol. Rep. 6 e13784.

English, D. F. et al. GABAergic circuits mediate the reinforcement-related signals of striatal cholinergic interneurons. Nat. Neurosci.
15,123-130 (2011).

. Gittis, A. H. & Kreitzer, A. C. Striatal microcircuitry and movement disorders. Trends Neurosci. 35, 557-564 (2012).
32.

Ibanez-Sandoval, O. et al. Electrophysiological and Morphological Characteristics and Synaptic Connectivity of Tyrosine
Hydroxylase-Expressing Neurons in Adult Mouse Striatum. J. Neurosci. 30, 6999-7016 (2010).

Ibanez-Sandoval, O. et al. A Novel Functionally Distinct Subtype of Striatal Neuropeptide Y Interneuron. J. Neurosci. 31,
16757-16769 (2011).

Partridge, J. G. et al. Excitatory and Inhibitory Synapses in Neuropeptide Y-Expressing Striatal Interneurons. J. Neurophysiol. 102,
3038-3045 (2009).

Planert, H., Szydlowski, S. N., Hjorth, J. J. J., Grillner, S. & Silberberg, G. Dynamics of Synaptic Transmission between Fast-Spiking
Interneurons and Striatal Projection Neurons of the Direct and Indirect Pathways. J. Neurosci. 30, 3499-3507 (2010).

Taverna, S. Direct Physiological Evidence for Synaptic Connectivity Between Medium-Sized Spiny Neurons in Rat Nucleus
Accumbens In Situ. J. Neurophysiol. 91, 1111-1121 (2003).

Day, M. et al. Selective elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models. Nat. Neurosci.
9,251-259 (2006).

Gertler, T. S., Chan, C. S. & Surmeier, D. J. Dichotomous Anatomical Properties of Adult Striatal Medium Spiny Neurons. J. Neurosci.
28, 10814-10824 (2008).

Queenan, B. N. et al. Mapping homeostatic synaptic plasticity using cable properties of dendrites. Neuroscience 315, 206-216 (2016).
Cazorla, M., Shegda, M., Ramesh, B., Harrison, N. L. & Kellendonk, C. Striatal D2 Receptors Regulate Dendritic Morphology of
Medium Spiny Neurons via Kir2 Channels. J. Neurosci. 32, 2398-2409 (2012).

Gokee, O. et al. Cellular Taxonomy of the Mouse Striatum as Revealed by Single-Cell RNA-Seq. Cell Rep. 16, 1126-1137 (2016).
Haydon, P. G. & Carmignoto, G. Astrocyte control of synaptic transmission and neurovascular coupling. Physiol. Rev. 86, 1009-1031
(2006).

Martin, R, Bajo-Graneras, R., Moratalla, R., Perea, G. & Araque, A. Circuit-specific signaling in astrocyte-neuron networks in basal
ganglia pathways. Science 349, 730-734 (2015).

Zania, P. et al. Parstatin, the cleaved peptide on proteinase-activated receptor 1 activation, is a potent inhibitor of angiogenesis. J.
Pharmacol. Exp. Ther. 328, 378-389 (2009).

Sweeney, A. M. et al. PARI activation induces rapid changes in glutamate uptake and astrocyte morphology. Sci. Rep. 7, 43606
(2017).

Allen, M. et al. Protease induced plasticity: matrix metalloproteinase-1 promotes neurostructural changes through activation of
protease activated receptor 1. Sci. Rep. 6, 35497 (2016).

Fujioka, H., Dairyo, Y., Yasunaga, K. & Emoto, K. Neural Functions of Matrix Metalloproteinases: Plasticity, Neurogenesis, and
Disease. Biochem. Res. Int. 2012, €789083 (2012).

De Luca, C. & Papa, M. Chapter Five - Matrix Metalloproteinases, Neural Extracellular Matrix, and Central Nervous System
Pathology. in Progress in Molecular Biology and Translational Science (ed. Khalil, R. A.) 148, 167-202 (Academic Press, 2017).
Rothwell, P. E. et al. Autism-Associated Neuroligin-3 Mutations Commonly Impair Striatal Circuits to Boost Repetitive Behaviors.
Cell 158, 198-212 (2014).

Connolly, A. ], Suh, D. Y., Hunt, T. K. & Coughlin, S. R. Mice lacking the thrombin receptor, PAR1, have normal skin wound
healing. Am. J. Pathol. 151, 1199-1204 (1997).

Conant, K., Allen, M. & Lim, S. T. Activity dependent CAM cleavage and neurotransmission. Front. Cell. Neurosci. 9 (2015).
Arakaki, P. A., Marques, M. R. & Santos, M. C. L. G. MMP-1 polymorphism and its relationship to pathological processes. J. Biosci.
34, 313-320 (2009).

Gong, S. et al. A gene expression atlas of the central nervous system based on bacterial artificial chromosomes. Nature 425, 917
(2003).

SCIENTIFICREPORTS|  (2018) 8:16230 | DOI:10.1038/541598-018-34551-z 13


http://dx.doi.org/10.1093/cercor/bhx324

www.nature.com/scientificreports/

54. Shuen, J. A., Chen, M., Gloss, B. & Calakos, N. Drdla-tdTomato BAC Transgenic Mice for Simultaneous Visualization of Medium
Spiny Neurons in the Direct and Indirect Pathways of the Basal Ganglia. J. Neurosci. 28, 2681-2685 (2008).

55. Foronjy, R. F, Okada, Y., Cole, R. & D’Armiento, J. Progressive adult-onset emphysema in transgenic mice expressing human MMP-
1 in the lung. Am. J. Physiol. - Lung Cell. Mol. Physiol. 284, L727-L737 (2003).

56. Ade, K. K., Janssen, M. J., Ortinski, P. I. & Vicini, S. Differential Tonic GABA Conductances in Striatal Medium Spiny Neurons. J.
Neurosci. 28, 1185-1197 (2008).

57. Hevers, W. & Liiddens, H. The diversity of GABAA receptors. Pharmacological and electrophysiological properties of GABAA
channel subtypes. Mol. Neurobiol. 18, 35-86 (1998).

58. Brickley, S. G., Farrant, M., Swanson, G. T. & Cull-Candy, S. G. CNQX increases GABA-mediated synaptic transmission in the
cerebellum by an AMPA /kainate receptor-independent mechanism. Neuropharmacology 41, 730-736 (2001).

59. Al-Muhtasib, N., Sepulveda-Rodriguez, A., Vicini, S. & Forcelli, P. A. Neonatal phenobarbital exposure disrupts GABAergic synaptic
maturation in rat CA1 neurons. Epilepsia, https://doi.org/10.1111/epi.13990 (2018).

60. Forcelli, P. A., Janssen, M. ], Vicini, S. & Gale, K. Neonatal exposure to antiepileptic drugs disrupts striatal synaptic development.
Ann. Neurol. 72, 363-372 (2012).

61. Janssen, M. J., Yasuda, R. P. & Vicini, S. GABAA Receptor 33 Subunit Expression Regulates Tonic Current in Developing
Striatopallidal Medium Spiny Neurons. Front. Cell. Neurosci. 5 (2011).

62. Ortinski, P. I. et al. Deletion of the GABA(A) receptor alphal subunit increases tonic GABA(A) receptor current: a role for GABA
uptake transporters. J. Neurosci. Off. J. Soc. Neurosci. 26, 9323-9331 (2006).

63. Bhardwaj, S. K. et al. Neonatal exposure to phenobarbital potentiates schizophrenia-like behavioral outcomes in the rat.
Neuropharmacology 62, 2337-2345 (2012).

64. Wurzman, R., Forcelli, P. A, Griffey, C. J. & Kromer, L. F. Repetitive grooming and sensorimotor abnormalities in an ephrin-A
knockout model for Autism Spectrum Disorders. Behav. Brain Res. 278, 115-128 (2015).

65. Kelly, P. H., Seviour, P. W. & Iversen, S. D. Amphetamine and apomorphine responses in the rat following 6-OHDA lesions of the
nucleus accumbens septi and corpus striatum. Brain Res. 94, 507-522 (1975).

66. Pijnenburg, A. J., Honig, W. M. & Van Rossum, J. M. Inhibition of d-amphetamine-induced locomotor activity by injection of
haloperidol into the nucleus accumbens of the rat. Psychopharmacologia 41, 87-95 (1975).

67. Ferreira, T. A. et al. Neuronal morphometry directly from bitmap images. Nat. Methods 11, 982-984 (2014).

Author Contributions

N.A., K.E.C. and S.V. conceived and designed the study; N.A., K.E.C., S.V. performed the experiments, analyzed
data, and prepared figures; N.A., K.E.C., PA.F. and S.V. wrote the manuscript. N.A. performed behavioral studies.
All authors approved the final version of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:16230 | DOI:10.1038/s41598-018-34551-z 14


http://dx.doi.org/10.1111/epi.13990
http://creativecommons.org/licenses/by/4.0/

	MMP-1 overexpression selectively alters inhibition in D1 spiny projection neurons in the mouse nucleus accumbens core

	Results

	Alterations in inhibitory and excitatory transmission. 
	Passive and active properties. 
	Altered excitability and dendritic complexity. 
	Alterations in amphetamine induced locomotion. 

	Discussion

	Materials and Methods

	Animals. 
	Brain slice preparation. 
	Recording. 
	Morphological Reconstruction. 
	Locomotion assay. 
	Experimental design and Statistical analysis. 

	Figure 1 Increased sIPSC and mIPSC frequency in D1 SPNs of MMP-1OE mice is not seen in MMP-1OE/PAR-1KO mice.
	Figure 2 sIPSC and mIPSC frequency in D2 SPNs did not differ as a function of genotype.
	Figure 3 Increased mEPSC frequency in D1 SPNs of MMP-1OE mice is not seen in MMP-1OE/PAR-1KO mice.
	Figure 4 Altered D1 SPN excitability and morphology in MMP-1OE mice.
	Figure 5 Altered D2 SPN excitability and morphology in MMP-1OE and MMP-1OE/PAR-1KO mice.
	Figure 6 Disruption of amphetamine induced locomotion in MMP-1OE mice.
	Table 1 Summary of passive properties of D1 and D2 SPNs as a function of genotype.




