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Abstract

High-impact chronic pain is suffered by 1 in 5 patients in the US and globally. Effective,
non-addictive, non-opioid therapeutics are urgently needed for the treatment of chronic pain.
Slc7a5 (Latl), also known as system L-neutral amino acid transporter, is involved in a number

of physiological processes related to inflammation. Transcriptomics studies have shown that
Slc7a5 and its binding partner Slc3a2 are expressed in neurons of the dorsal root ganglia (DRG)
and spinal dorsal horn, which are critical to the initiation and maintenance of nociception

and pathophysiology of chronic pain. In addition, Slc7a5 is a transporter for the first-line anti-
allodynic gabapentinoid drugs and binds to ion channels implicated in nociception and chronic
pain including the voltage-gated sodium channel Nav1.7 and the voltage-gated potassium channels
Kv1.1 and Kv1.2. We found that blocking Slc7a5 with intrathecal administration of the drug
JPH203 alleviated allodynia in the spared nerve injury (SNI) rodent model of neuropathic pain.
Western blot and immunohistochemistry studies revealed an increase in Slc7a5 protein levels in
the spinal cord and DRGs of SNI mice compared to control mice. Using whole-cell current clamp
electrophysiology, we observed that JPH203 treatment reduced excitability of small-diameter
(<30 pm) DRG neurons from SNI mice, in agreement with its behavioral effects. Voltage-clamp
recordings from JPH203-treated naive rat DRGs identified an effect on tetrodotoxin-resistant
(TTX-R) sodium currents. Altogether, these results demonstrate that Slc7a5 is dysregulated in
chronic neuropathic pain and can be targeted to provide relief of hypersensitivity.
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INTRODUCTION

Slc7a5 (LAT1), also known as the system-L neutral amino acid transporter, is involved in
many biological processes related to human health including cancer and inflammation [1].
Slc7a5 is expressed in nociceptors and the spinal dorsal horn. In our recent review [10, 21],
we reported expression of Slc7a5 and its binding partner Slc3a2 in different transcriptionally
defined dorsal root ganglia (DRG) subtypes as well as in both excitatory and inhibitory
dorsal horn neurons in the spinal cord [1]. Slc7a5 is also expressed in neurons expressing
other pain target genes of interest including Scn9a encoding the voltage-gated sodium
channel Na, 1.7 implicated in congenital insensitivity to pain in humans [6].

Interestingly, Slc7a5 is best known as the transporter for the gabapentinoid drugs,
gabapentin and pregabalin. These first-line, clinically available drugs for neuropathic pain
are ligands of the a.256-1 (alpha2delta-1) subunits of voltage-gated calcium channels, which
is also upregulated in neuropathic pain states [14, 15]. Studies have demonstrated that
Slc7a5 function is required for the gabapentinoid drugs to elicit their effects in reducing
neuronal hyperexcitability in the spinal dorsal horn [4]. Slc7a5 has been shown to interact
with key ion channels involved in pain including Na,1.7 [11] and K,1.1/1.2 [2, 12, 13].
Therefore, Slc7a5 is a novel target for the investigation of chronic pain mechanisms and
possibly, development of therapeutics.

Here, we investigated the role of Slc7a5 in the spared nerve injury (SNI) model of
neuropathic in rodents mainly using the Slc7a5 blocker, JPH203 [22]. We also compare
the behavioral actions of Slc7a5 blockers and neuropathic pain state with cellular actions
using electrophysiological methods.

MATERIALS AND METHODS

Spared Nerve Injury (SNI) model and Assessment of Behavior

The procedures in this study were approved by the Institutional Animal Care and Use
Committees of the University of New Mexico and the University of Arizona. Male BALB/
cAnNHsd mice (7-8 weeks old; Envigo Harlan) and Sprague Dawley rats (225-250 g;
Envigo) were subjected to the spared nerve injury model of neuropathic pain as described
previously[7]. Briefly, the tibial and common peroneal nerves were ligated and cut distal to
the ligation site, but the sural nerve was spared. For sham surgeries, the nerve was exposed
but not disturbed. The assessment of tactile allodynia was performed as reported previously
using the “up and down” method [5]. All behavior and cell culture experiments with SNI
rodents were conducted at 2—-4 weeks post-injury.
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DRG cultures

DRGs from all levels are isolated and acutely dissociated. Collected DRG is digested using
dispase Il and collagenase type 2. Cells are grown in DMEM medium (10% fetal bovine
serum, 1% antibacterial/antimycotic) and incubated at 37°C, 5% CO5 until use. Rat DRGs
were prepared exactly as described [9, 16].

Current clamp recordings

Neurons are identified by infrared differential interference contrast (IR-DIC) connected to
an Olympus digital camera. Current clamp recordings were performed using a Molecular
Devices Multiclamp 700B (Scientifica, UK). Signals are filtered at 5 KHz, acquired at

50 KHz using a Molecular Devices 1550B converter (Scientifica, UK) and recorded using
Clampex 11 software (Molecular Devices, Scientifica, UK). Electrodes were pulled with a
Zeitz puller (Werner Zeitz, Martinsreid, Germany) from borosilicate thick glass (GC150F,
Sutter Instruments). The resistance of the electrodes, following fire polishing of the tip,
range between 5 and 8 MQ. Bridge balance is applied to all recordings. Intracellular
solution contains (in mM) 125 K-gluconate, 6 KCI, 10 HEPES, 0.1 EGTA, 2 Mg-ATP,

pH 7.3 with KOH, and osmolarity of 290-310 mOsm. Artificial cerebrospinal fluid (aCSF)
contains (in mM) 113 NaCl, 3 KCI, 25 NaHCO3, 1 NaH2PO4, 2 CaCl2, 2 MgClI2, and 11
D-glucose. DRG neurons were cultured from SNI mice at 2-4 weeks post-injury. Cultures
were treated with either vehicle (0.1% DMSO) or JPH203 (10 uM) for 1 hr in vitro prior
to electrophysiological recording and we recorded from small-diameter (<30 um) DRG
nociceptors.

Voltage clamp recordings

Patch-clamp recordings were performed at room temperature (22-24°C). Currents were
recorded using an EPC 10 Amplifier-HEKA linked to a computer with Patchmaster
software.

For total sodium current (ly,) recordings, the external solution contained (in mM): 130
NaCl, 3 KCl, 30 tetraethylammonium chloride, 1 CaCl2, 0.5 CdCI2, 1 MgCI2, 10 D-glucose
and 10 HEPES (pH 7.3 adjusted with NaOH, and mOsm/L= 324). Patch pipettes were

filled with an internal solution containing (in mM): 140 CsF, 1.1Cs-EGTA, 10 NaCl, and 15
HEPES (pH 7.3 adjusted with CsOH, and mOsm/L= 311). Peak Na* current was acquired
by applying 150-millisecond voltage steps from =70 to +60 mV in 5-mV increments from

a holding potential of =60 mV to obtain the current-voltage (1-V) relation. Normalization

of currents to each cell’s capacitance (pF) was performed to allow for collection of current
density data. For 1-V adjustments, functions were fitted to data using a non-linear least
squares analysis. 1-V curves were fitted using double Boltzmann functions:

f=a+gl/(I1+exp((x—Vj1)/kl))+ g2/(1 + exp(—(x =V ;22)/k2))

where x s the prepulse potential, V/;,»is the mid-point potential and & is the corresponding
slope factor for single Boltzmann functions. Double Boltzmann fits were used to describe
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the shape of the curve, not to imply the existence of separate channel populations. Numbers
Zand 2simply indicate first and second mid-points; aalong with g are fitting parameters.

Activation curves were obtained from the I-V curves by dividing the peak current at each
depolarizing step by the driving force according to the equation: G = I/(Vienr Erey), Where
/is the peak current, V., is the membrane potential and £, is the reversal potential. The
conductance (G) was normalized against the maximum conductance (Gmax). Steady-state
inactivation (SSI) curves were obtained by applying an H-infinity protocol that consisted of
1-second conditioning pre-pulses from —120 to +10 mV in 10-mV increments followed by
a 200-millisecond test pulse to +10 mV. Inactivation curves were obtained by dividing the
peak current recorded at the test pulse by the maximum current (Imax). Activation and SSI
curves were fitted with the Boltzmann equation.

Western blot and immunohistochemistry

Fresh DRG, spinal cord and brain tissue is homogenized, protein is isolated, separated by
SDS-PAGE gel electrophoresis, and reacted with primary antibodies against monoclonal
Anti-SLC7A5/LAT1 antibody (Abcam, ab208776) and the beta-actin loading control. Blots
are washed, incubated with HRP conjugated secondary antibody and peroxidase activity
detected by enhanced chemi-luminescence substrate reaction (ECL; Pierce). Quantifcation
was performed using ImageJ.

For immunohistochemistry, cells were fixed in 2% paraformaldehyde and blocked in 2%
FBS/BSA blocking buffer (1 hr) prior to overnight incubation in primary Anti-SLC7A5/
LAT1 antibody (Abcam, ab208776). Images were collected by fluorescence microscopy.

Statistical and Data analysis

RESULTS

All statistical and data analysis was performed using GraphPad Prism 8. All data sets were
checked for normality using D’ Agostino & Pearson test. A p-value of less than 0.05 was
considered statistically significant. Appropriate statistical tests performed are indicated in
the text and figure legends.

Blocking Slc7a5 with JPH203 alleviates neuropathic pain

Since Slc7a5 is implicated in chronic pain [20], we used the Slc7a5 blocker JPH203 to
determine whether blocking Slc7a5 could reverse mechanical allodynia in SNI rodents. We
found that JPH203 (3 pg/ml) delivered by intrathecal injection significantly alleviated the
hypersensitivity of male Sprague Dawley rats to a tactile stimulus with a peak anti-allodynic
effect at approximately 3 hours post-injection (Figure 1, n=5 per group, p<0.0001, 2-way
ANOVA). These results indicate that Slc7a5 is implicated in mechanical allodynia behaviors
in rodents.

Spinal Slc7a5 protein levels are upregulated neuropathic pain

To determine if Slc7a5 is altered following development of mechanical allodynia in mice
subjected to SNI, we examined protein levels of Slc7a5 in the spinal cord and DRG.

Pflugers Arch. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Goins et al.

Page 5

Whole spinal cord was obtained from SNI mice at peak pain behaviors. We demonstrate
significant upregulation of Slc7a5 (Figure 2a—b, n=4 per condition, p<0.05 Mann-Whitney
test) in the spinal cord of mice after SNI compared to naive controls (Figure 2a—b). We
performed further immunohistochemistry experiments on cultured DRG neurons from SNI
and sham-injured mice and also noticed stark upregulation in DRGs from SNI compared to
control cultures (Figure 2b). Therefore, Slc7a5 upregulation in the spinal cord may underlie
its role in mechanical allodynia following nerve injury.

Slc7a5 blockade with JPH203 dampens nociceptor excitability from SNI mice

To further understand the mechanism of Slc7a5 in regulating neuropathic pain behaviors,
we performed current clamp recordings of DRGs obtained from SNI mice. Our results
show that rheobase of nociceptors was significantly increased (Figure 3a, p<0.05, Mann-
Whitney test) following JPH203 treatment, while the resting membrane potential (RMP) was
unchanged (Figure 3B). This indicates that JPH203 treatment reduces DRG excitability. We
further studied excitability by applying depolarizing current ramps (Figure 3c). We noted a
significant increase in the distribution of neurons under JPH203-treated conditions that fired
1 or no AP in response to ramp depolarization compared to controls (Figure 3d; p<0.05,
Fisher’s exact test). Again, these data confirm that JPH203-treatment reduced nociceptor
excitability. We did not observe any differences in the number of APs fired or latency to the
first spike fired for these ramp depolarization data (Figure 3e—f).

Slc7a5 blockade with JPH203 reduces nociceptor TTX-resistant Na* current peak

amplitude

To elucidate the underlying mechanism of the effect of Slc7a5 blockade on nociceptor
excitability, we performed voltage clamp recordings of Na* currents from nociceptors
obtained from naive rats in the presence and absence of JPH203 (10 uM). Our recordings did
not reveal any differences in total Na* current density (Figure 4a—b), activation (Figure 4c)
or inactivation (Figure 4d) kinetics in JPH203-treated DRGs compares to those treated with
vehicle control. We found that JPH203 treatment significantly reduced the peak amplitude of
TTX-R Na* current (Figure 4e; n=11-16 cells, p<0.05, t-test), but had no effect on TTX-S
Na* current peak amplitude (Figure 4f). We also observed that the V1, and slope factor of
the activation and inactivation curves from the JP203-treated group is statistically different
from that of the DMSO group (p<0.01, t-test, Table 1).

DISCUSSION

Our results provide evidence for a role of Slc7a5 in the pathogenesis of neuropathic pain.
We demonstrate anti-allodynic actions of Slc7a5 blockade and corresponding upregulation
of Slc7a5 in the SNI model. Previously, it has been shown that Slc7a5 protein levels are
upregulated in the spinal cord in models of spinal cord injury [20]. Slc7a5 is best known

as the transporter for the gabapentinoid drugs, gabapentin and pregabalin [4, 8]. These first-
line, clinically available drugs for neuropathic pain are ligands of the a28-1 (alpha2delta-1)
subunits of voltage-gated calcium channels, which are also upregulated in neuropathic pain
states [14, 15].
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Our immunohistochemistry data indicate differences in Slc7a5 staining in smaller versus
larger diameter DRG neurons; however, more exhaustive studies of this are required. Our
Western blot data of whole spinal cord indicates an increase in Slc7a5 under SNI conditions.
The source of this increase within the cord is unknown. It is possible that there are
differences in Slc7a5 expression across spinal laminae and/or levels both under baseline
conditions, following different types of injury and at different time points following injury.
In addition, the potential roles of glial cells with regards to Slc7a5’s pronociceptive actions
have yet to be investigated. Therefore, the cell-type specific upregulation of Slc7a5 after
injury in the periphery, spinal cord and brain requires further study.

We show that Slc7a5 blockade dampens nociceptor excitability and that this effect may be
due to an action on TTX-resistant Na* channels. While it has been shown that Slc7a5 does
interact with the TTX-sensitive Na* channel Nav1.7, a clear functional relationship has not
been demonstrated. We observed a leftward shift in the voltage dependence of inactivation
in the presence of JPH203 of around —9 mV compared to the control group. This could be
attributed to the effect of JPH203 on the TTX-R currents. Since TTX-R currents have slow
and very slow inactivation kinetics [3], inhibiting these currents will shift the inactivation
curve to more hyperpolarized potentials, which correlates with our findings. These findings
indicate that further experiments are required to investigate the interactions between Slc7a5
and Na* channels.

These studies focus purely on the neuronal mechanisms of Slc7a5 in neuropathic pain, but
more work is required to study its non-neuronal mechanisms as well since Slc7a5 is also
involved in amino acid transport and regulating the function of immune cells such as T-cells
[17, 18] and B-cells [19].

Future work will involve the use of knockout mice and further mechanistic studies will aid
in the development of Slc7a5 inhibitors that are optimal for reversing the pathophysiology
of chronic pain. Long-term studies of the effect of Slc7a5 inhibitors such as cytokine
profiling and RNA-seq on isolated tissues from treated animals will also be necessary to
understand the role of Slc7a5 in chronic pain. In summary, these results demonstrate that
Slc7a5 is dysregulated in chronic neuropathic pain and can be targeted to provide relief of
hypersensitivity.
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Figure 1. Blockade of Slc7a5 with JPH203 alleviates neuropathic pain in the SNI rodent model.
Alleviation of neuropathic pain in rats (two weeks after SNI) following intrathecal injection

(n=5 per group, ****p<0.0001, 2-way ANOVA) of the Slc7a5 blocker, JPH203. At peak

anti-allodynic effect at 180 min post-injection, paw withdrawal threshold values were
Control: 3.53 = 0.344 g and JPH203: 14.4 + 0.65 g. Inset indicates the area under the

curve (AUC) derived using GraphPad Prism. Red arrow indicates time of JPH203 injection.

Experimenter was blinded to the treatment condition.
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Figure 2. Upregulation of Slc7a5 (Latl) in spinal cord and DRGs of SNI mice.
a. Western blot showing an increase in Slc7a5 protein levels in the spinal cord of SNI

mice compared to naive mice Inset: normalized intensity (Naive: 2188 + 234 a.u., SNI:
7159 + 485 a.u., n=4 per condition, p<0.05, *Mann-Whitney test) b. Confocal images of
immunohistochemical staining for Slc7a5 (green) in DRG cultures from SNI mice. DAPI

staining is shown in blue.
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Figure 3. Effect of Slc7a5 blockade with JPH203 (10 M) on small-diameter (<30 um) DRG
neuron excitability from SNI mice.

a. Rheobase (current required to elicit firing) was significantly increased (Control: 63.9 +
6.67 pA, JPH203: 89.4 + 9.09 pA, *p<0.05, Mann-Whitney test), but b. resting membrane
potential (RMP) was not significantly changed in the presence of JPH203 (Control: —49.0
+ 1.45 mV, JPH203: -52.4 + 1.43 mV, p>0.05, Mann-Whitney test) (n= 28 vehicle,

n=31 JPH203-treated neurons). c. Representative current clamp recordings from SNI DRG
neurons in response to depolarizing current ramps (500 pA/s) Current ramp recordings
show that the d. distribution of neurons was significantly different (*p<0.05, Fisher’s exact
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test) in the JPH203-treated group compared to controls (n=27 vehicle, n=30 JPH203-treated
neurons), but the e. no. of Aps (Control: 12.6 + 1.71, JPH203: 12.5 + 2.15, p>0.05, Mann-
Whitney test) and f. latency to 1st spike (Control: 252 + 36.1, JPH203: 271 + 36.5, p>0.05,
Mann-Whitney test) were not significantly different in the presence of JPH203 compared to
controls.
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Figure 4. Effect of Slc7a5 blockade on Na+ currents recorded from rat DRG neurons.
a. Total Na* current density. b. Peak Iy, (Control: =262 + 20.4 mV, JPH203: —285 + 43.3

mV) c. Activation and d. Inactivation plots for In,. €. TTX-resistant (TTX-R) peak (Control:
-227 + 32.2 mV, JPH203: —126 + 18.1 mV), but not f. TTX-sensitive (TTX-S) Na* current
peak (Control: =173 £ 28.8 mV, JPH203: —200 + 35.8 mV) was significantly reduced
following JPH203 treatment (n=11-16 cells, *p<0.05, Student’s t-test). Results of activation
and inactivation curve fitting are shown in Table 1.
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Table 1.

Gating properties of sodium currents recorded from rat DRG neurons.

DMSO (0.1%) JPH203 (10 uM)
Activation
Vi -12.925+1.095 (17) | -14.832+1.778 (11)
k 8.648 = 0.999 (17) 10.015 + 1.676 (11)
Inactivation
127 -29.851+ 1,941 (16) | -38.745 + 2.147 (11) *
k ~12.605+1.768 (16) | -12.263 +2.076 (11)

Values are means + SEM calculated from fits of the data from the indicated number of individual cells (in parentheses) to the Boltzmann equation;
V1/2mid-point potential (mV) for voltage-dependent of activation or inactivation; &, slope factor. These values pertain to Fig. 4c and 4d.

*
Indicate statistical difference compared to the DMSO group (p= 0.0057). Data were analyzed with unpaired #test.

Pflugers Arch. Author manuscript; available in PMC 2023 April 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Spared Nerve Injury (SNI) model and Assessment of Behavior
	DRG cultures
	Current clamp recordings
	Voltage clamp recordings
	Western blot and immunohistochemistry
	Statistical and Data analysis

	RESULTS
	Blocking Slc7a5 with JPH203 alleviates neuropathic pain
	Spinal Slc7a5 protein levels are upregulated neuropathic pain
	Slc7a5 blockade with JPH203 dampens nociceptor excitability from SNI mice
	Slc7a5 blockade with JPH203 reduces nociceptor TTX-resistant Na+ current peak amplitude

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

