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ABSTRACT

Chronic pain after peripheral nerve injury is associated with afferent hyper-excitability and
upregulation of HCN-mediated (hyperpolarization-activated, cyclic nucleotide-regulated) Iy
pacemaker currents in sensory neurons. HCN channels thus constitute an attractive target for
treating chronic pain. HCN channels are ubiquitously expressed; analgesics targeting HCN1-rich
cells in the PNS must spare the cardiac pacemaker current (carried mostly by HCN2 and 4) and
the CNS (where all four isoforms are expressed). The alkylphenol general anesthetic propofol
(2,6-di-iso-propylphenol) selectively inhibits HCN1 channels versus HCN2-4 and exhibits a
modest pharmacokinetic preference for the periphery. Consequently, we hypothesized that
propofol, and congeners, should be antihyperalgesic. Alkyl-substituted propofol analogs have
different rank-order potencies with respect to HCNL1 inhibition, GABAA receptor (GABAA-R)
potentiation and general anesthesia. Thus, 2,6- and 2,4-di-tert-butylphenol (2,6- and 2,4-DTBP)
are more potent HCN1 antagonists than propofol while 2,6- and 2,4-di-sec-butylphenol (2,6- and
2,4-DSBP) are less potent. In contrast, DSBPs, but not DTBPs, enhance GABAAa-R function and
are general anesthetics. 2,6-DTBP retained propofol’s selectivity for HCN1 over HCN2-4. In a
peripheral nerve ligation model of neuropathic pain, 2,6-DTBP and subhypnotic propofol are
antihyperalgesic. The findings are consistent with these alkylphenols exerting analgesia via non-
GABAA-R targets and suggest that antagonism of central HCN1 channels may be of limited
importance to general anesthesia. Alkylphenols are hydrophobic, and thus potential modifiers of
lipid bilayers, but their effects on HCN channels are due to direct drug-channel interactions as
they have little bilayer-modifying effect at therapeutic concentrations. The alkylphenol

antihyperalgesic target may be HCN1 channels in the damaged PNS.
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INTRODUCTION

Sensitization of the peripheral or central nervous system following injury can produce
neuropathic pain, which manifests as allodynia, hyperalgesia, and/or spontaneous pain (Costigan
et al., 2009). Neuropathic pain has an all-cause incidence rate of ~5% (Costigan et al., 2009) and
is often refractory to treatment - or treatment has unacceptable side effects (Dray, 2008; Jensen et
al., 2009). Neuropathic pain thus represents a significant public health issue, making it important
to identify possible therapeutic targets and drugs that selectively act on those targets (Dray,
2008; Costigan et al., 2009).

In animal models of neuropathic pain, hyperexcitability and ectopic activity in primary
afferents contribute to peripheral sensitization (Dray, 2008; Costigan et al., 2009; Dib-Hajj et al.,
2009). These effects appear to be due, in part, to changes in HCN channel expression and
function. First, in Stu hybridization (Kouranova et al., 2008), immunohistochemical (Tu et al.,
2004; Jiang et al., 2008; Kouranova et al., 2008), and electrophysiological (Mayer and
Westbrook, 1983; Kouranova et al., 2008; Momin et al., 2008) data show that sensory neurons
express HCN channels, and that injury causes altered HCN subunit trafficking (Chaplan et al.,
2003; Jiang et al., 2008), and enhanced Iy current amplitudes (Chaplan et al., 2003; Yao et al.,
2003). Second, sensory cell hyperexcitability is inhibited by superfusion with ZD7288 (Chaplan
et al., 2003; Yao et al., 2003; Jiang et al., 2008), a selective pan-isoform inhibitor of HCN
channels, and systemic, but not central, administration of ZD7288 alleviates mechanical
allodynia (Chaplan et al., 2003; Lee et al., 2005). Third, HCN1 gene deletion partially blocks
development of cold allodynia (Orio et al., 2009), and in a parallel fashion targeted deletion of

HCN2 prevents the development of neuropathic pain in response to chronic nerve constriction
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(Emery et al., 2011). These observations suggest that the HCN channels underlying Iy in
peripheral neurons may represent a target for treatment of neuropathic pain (Emery et al., 2012).

Given the primacy of HCN2 and 4 in the cardiac current, analgesics that target I should
preferentially inhibit channels comprised of, or containing, the HCN1 isoform and be restricted
to the periphery (thereby sparing Iy in central neurons, including those that rely on the HCN1
isoform). The intravenous general anesthetic propofol (2,6-di-isopropylphenol) preferentially
inhibits HCN1 with respect to HCN2, 3 and 4 (Cacheaux et al., 2005; Chen et al., 2005) and has
a modest pharmacokinetic preference for the periphery (i.e., plasma levels associated with
anesthesia are higher than those in CSF: Table 1). However, its hypnotic properties and its
potentiation of GABAA-R activity (Franks, 2008) limit its routine use as an analgesic, even at
low concentrations.

The 2,6- and 2,4- di-sec-butylphenol analogs of propofol (2,6-DSBP and 2,4-DSBP,
respectively) potentiate GABAAa-Rs and act as general anesthetics, but the di-tert versions (2,6-
and 2,4-DTBP) do neither (James and Glen, 1980; Krasowski et al., 2001). This steric
specificity has been interpreted as, and is consistent with, the pharmacological and behavioral
effects arising from an association of alkylphenols with a sterically-defined pocket on GABAA-
Rs (Krasowski et al., 2001).

We therefore examined the relative inhibitory potencies of the 2,6- and 2,4-
dibutylphenols on HCN1. DSBPs were less potent than DTBP analogs, with 2,6-DTBP being
the most potent inhibitor of HCN1 channels - with little effect on the other HCN isoforms. We
also examined propofol (at subhypnotic doses) and 2,6,-DTBP in a mouse model of neuropathic
pain; both are analgesic. Finally, we tested whether the hydrophobic alkylphenols alter lipid

bilayer properties. The butylphenols modestly do this, but not at pharmacologically or
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behaviorally relevant concentrations; propofol does not alter bilayer properties at the

concentrations tested (up to 100 uM).
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METHODS
Surgical procedures and drug administration With approval of the animal care committee
at Columbia University, adult female C57 Black/6J mice (16 to 24 weeks old) were subject to
partial sciatic nerve ligation (PNL (Seltzer et al., 1990)) according to institutional and Federal
guidelines. In brief, following induction of isoflurane (2.5-3%) anesthesia, surgical incisions
were made in the upper aspect of both the left and right hind limbs. In the left limb,
approximately half of the nerve was ligated using an 8.0 braided silk suture (SofSilk, Coviden,
Mansfield, MA). The nerve in the right limb was subject to similar mechanical manipulation but
no suture was applied. Mice tended to exhibit protective behavior toward the ipsilateral paw, but
their behavior was otherwise normal. Accordingly, and in keeping with the approved protocol,
no therapeutic agents other than the indicated experimental test compounds were administered.
To examine 2,6-DTBP bioavailability, surgically-naive mice received dihydroxy-R-
cyclodextrin (DHRCD) solubilized 2,6-DTBP (see Supplemental Methods for details), DHRCD
alone or saline by intraperitoneal (i.p.) injection with a dosing schedule as per behavioral testing.
10-60 min after receipt of the appropriate final dose, mice were anesthetized with 2.5-3%
isoflurane then exsanguinated by venous puncture. Blood concentration of 2,6-DTBP was
determined by gas chromatography (GC see Supplemental Methods for details and Figures S1
and S2). To consider the toxicity of a high acute therapeutic dose of 2,6-DTBP, some animals
received a single bolus of 80 mg/kg. The general condition of all of these animals was followed
by qualitative observation of behavior (grooming and exploration) and survival. All animals

were sacrificed within 7 days after receipt of a 2,6-DTBP/DHRECD injection.
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For electrophysiology experiments, Xenopus oocytes were harvested from frogs
anesthetized by immersion in ice-cold pH 7 buffered (sodium phosphate) 0.05% Tricane

according institutional and Federal guidelines.

Behavioral testing  To monitor the sensitivity of ipsilateral and contralateral hind paws to
mechanical and thermal stimuli, mice were subjected to Von Frey fiber and thermal latency
stimulus-response analysis using calibrated VVon Frey fibers and a timed, tightly focused, variable
intensity infrared heat source with an Hargreaves apparatus (IITC Life Science Inc., Woodland
Hills, CA) as described previously (Udesky et al., 2005). Briefly, for each test, an animal was
separately placed within a 132 cm? open-topped clear Plexiglas corral on the appropriate surface
(a plastic-coated grid with a mesh size of 6 mm or a clear glass thermally regulated platform for
the VVon Frey and latency analyses, respectively) to which they had been previously acclimated
and were allowed to settle for at least 10 min. Tests were performed on the plantar surface of
both left and right hind paws. In the VVon Frey analysis, the probability of paw withdrawal (Pw)
was obtained by determining how many of 10 trials with a particular fiber resulted in the tested
paw being withdrawn. Ipsilateral and contralateral paws were sequentially tested with a single
fiber - with fiber strengths of 0.05, 0.4, 0.6, 1.1, 2.5, 3.3 and 4 g tested from weakest to strongest.
In the thermal sensitivity analysis, the mean hind paw withdrawal latency (HPWL) was obtained
by averaging the latency observed in five separate trials at a particular setting of the heat source.
HPWL tests were done with alternating testing of the ipsilateral and contralateral paws. The
response to heat source settings of 3 to 30% (in 3% increments, where 100% represents 150
Watts) was tested in a random order. If the paw was not withdrawn within 30 s the trial was

terminated and a latency of 30 s noted.
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Von Frey fibers exerting 2.5, 3.3 and 4 g yielded optimal discrimination of mechanical
neuropathic hyperalgesia with respect to nociception (see Figure S3 in Supplemental Results).
Thus, these fibers tended to produce withdrawal probabilities greater than 0 in the contralateral
paw but less than 1 in the ipsilateral paw (Figures 1A, 4A, and S3) with the ratio of Pw,pps /
Pw,contra being similar at each stimulus intensity (2.9 £ 0.3, 29 = 04 and 2.7 £ 0.2,
respectively). Accordingly, we use the mean values of P ratios over these three stimuli to
obtain a single, better defined, value of the ratio for each mouse at each time point and drug
condition. To examine further the mechanical response we performed a Logit transformation
(Ln [Pw/(1-Pw)]) of the withdrawal probability at each stimulus strength and then determined
ESso, the stimulus strength required for a Pw of 0.5 using Equation 1. Here, by and by are,
respectively, the ordinate intercept and the slope of a regression through the Logit values plotted

versus stimulus strength (e.g., Figure 1C).

(1) ESgo=-by1/by

To avoid skewing the data by omitting undefined values (Logit is not defined at a Py, of 0 or 1)
we assigned such determinations values of 0.01 and 0.99 for the purpose of this transformation.
A heat lamp setting of 15% was optimal for examining thermal hyperalgesia rather than
nociception (see Figure S4 in Supplemental Results). Thus, latencies in both ipsilateral and
contralateral paws fell between our fastest and slowest detection thresholds (some 2-3 and 30 s,
respectively) while the ratio HPWLps) / HPWLconTrRa Was lowest at 15%. In contrast, 30%
stimulation produced a largely, albeit not completely, nociceptive response in injured and

uninjured paws, thereby providing data on anti-nociception.
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Based on the above observations, we established an objective set of inclusion criteria to
identify animals that developed mechanical and thermal neuropathic responses. For an animal to
be included in the Von Frey mechanical analysis control values yielding Pw,ipsi / Pw,contra > 1
and Pw,ipsi at 4 g > 0.3 were required; for inclusion in the HPWL thermal analysis the control
HPWLps; / HPWLconTrA at 15% had to be < 0.8; the majority of mice that recovered from PNL
surgery developed robust and stable mechanical and thermal neuropathic responses.

To examine the influence of alkylphenols and/or vehicle on nocifensive behavior, we
constructed cumulative dose response relationships wherein an aliquot of agent was administered
each 60 min. Following each i.p. injection, animals were allowed to recover for 10 min then
their behavior assayed during the subsequent 50 min. To maximize the sensitivity of our assay
while minimizing the duration of the injection/monitoring cycles, and hence of drug clearance,
we only examined lamp settings of 15 and 30% and fiber strengths of 0.6, 1.1, 2.5, 3.3 and 4 g
during such drug trials. The reported dose of administered agents assumes no clearance of
compound during the analysis. Drug trials were performed 7-17 days after PNL surgery (see

Figures S3 and S4 in the Supplementary File).

Molecular Biology cDNA encoding murine HCN1, 2, and 4 and human HCN3 channels were
subcloned into pGH19 (HCN1 and 4) or pGHE (HCN2 and HCN3) vectors and amplified in
STBL2 cells (Invitrogen Corporation, Carlsbad, CA). cRNA was transcribed from Nhel (HCNL,
HCN3 and HCN4) or Sphl (HCN2) linearized DNA using T7 RNA polymerase (Message

Machine; Ambion, Houston, TX). 1-50 ng RNA was injected into each Xenopus oocyte.

-10-
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Electrophysology = Recordings were made from Xenopus oocytes 2-5 days after cRNA
injection. Cells were maintained in L-15 media without ficoll (Specialty Media, Phillipsburg, NJ)
at 17 °C until use. Two microelectrode voltage clamp (TEVC) data, acquired using a Warner
Instruments (Hamden, CT) OC-725C amplifier, were recorded with Pulse software (HEKA
Elektronik, Lambrecht/Pfalz, Germany) following filtering at 2.5 kHz (Frequency Devices 902
8-pole Bessel filter) and digitization at 5 kHz using an ITC-18 interface (Instrutech Corporation,
Port Washington, NY).

Microelectrodes were fabricated from 1B120-F4 borosilicate glass (World Precision
Instruments, Sarasota, FL) with resistances of 0.1-0.5 MQ (I passing) and 1-4 MQ (V sensing)
when filled with 3 M KCI. The Ag-AgClI ground wire(s) of the active virtual ground circuit were
connected to the bath solution by 3M KCI-2% agar salt bridges placed downstream of, but close
to, the oocyte. Recordings were obtained at room temperature (22-24 °C). In all cases the
observed potential was within 1% of the reported command potential. For HCN1 and 2, oocytes
were bathed in a recording solution of (in mM): 107 NaCl, 5 KCI, 2 MgCl2, 10 HEPES-free acid
pH 7.4 (NaOH). For the poorly expressing HCN3 and 4 channels, the KCI concentration was
raised to 25 mM by isoosmolar substitution of NaCl. In all recordings, the holding potential was
-30 mV and the tail potential 0 mV.

To analyze the effects of alkylphenols on HCN channel gating, we constructed isochronal
activation curves. In brief, cells were placed in 20 ml glass scintillation vials (3 cells per vial
along with 15 ml of recording solution that was, where indicated, supplemented with vehicle or
compound) and incubated at room temperature on a 3-D rotator (Lab Line, Melrose Park, IL).
After 20 min, cells were transferred to a recording chamber continuously perfused with the

appropriate drug, vehicle or control solution. In some experiments, we recorded isochronal

-11-
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activation curves before and after incubation in the presence or absence of drug or vehicle. No
cell was exposed to more than one drug or vehicle condition.

Channels were activated by hyperpolarizing voltage steps applied in -10 mV decrements
for 5 (HCN1), 30 (HCN2) or 60 s (HCN3 and 4). The amplitude of the instantaneous tail
currents following each sweep was determined as the difference between the plateau current
(observed after the voltage-clamp has settled and the uncompensated linear capacitance decayed
but before marked channel closure) and the baseline current (observed after deactivation was
complete). These relationships were then fit with a Boltzmann equation (Equation 2) where A;
is the current offset, A, the maximal amplitude, V the test voltage, Vi, the activation mid-point,

and s the slope factor.

(2) I(V)=A;+ A,/{1+eVV12)/5

Dose-response data were fit using the Hill equation (Equation 3) where R is the response, Ruax
the maximal response, [A] the alkylphenol concentration, ECs, the ligand concentration that

produces a half-maximal response, and n the Hill coefficient.

()  R/Rpax=1/{1+ (ECso/[AD"™}

Fluorescence guench measurement of bilayer modification by di-alkylphenols Large
unilamellar vesicles (LUVSs), loaded with the disodium salt of the water-soluble fluorophore 8-
aminonaphthalene-1,3,6-trisulfonic acid (ANTS), were made of 1,2-dierucoyl-sn-glycero-3-

phosphocholine (DC,; PC) using a four-part process of sonication, freeze-thaw cycles,

-12-
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extrusion, and elution. The LUVs were doped with the naturally occurring mixture of
gramicidins (gA) from B. brevis (gA:lipid mole ratio ~1:1000) and incubated for 20-24 hours at
12.5 °C. The fluorescence produced by ANTS is quenched by thallium (TI"). TI" and ANTS
cross the bilayer slowly, whereas the bilayer-spanning gA channels are very TI" permeable, such
that the TI" influx rate (the rate of fluorescence quenching) becomes a measure of the number of
conducting channels in the LUV membranes. To measure the fluorescence quench rate (at 25
°C), the ANTS-loaded LUVs were mixed with the TI" quencher using a stopped-flow
spectrofluorometer (Applied Photophysics, SX.20). The fluorescence quench rate was
determined at t = 2 ms using Equation 4 wherein 1o and p were determined from a fit of the
stretched exponential function (Equation 5) to fluorescence recorded between 2 and 100 ms after
addition of TI". Fo, F(t) and Foo represent the fluorescence at time zero, time t and at infinity
respectively (Ingolfsson and Andersen, 2010; Ingolfsson et al., 2010). All experiments were

done in triplicate, or more.

@) k®=(B/t0) (t/T) P

(5)  F(t) = Fo + (Fo-Fo,) - e @)

Chemicals and reagents NaCl (S7653), KCI (P9333), MgCl, (M2670), HEPES-free acid
(H4034), 2,4-DTBP (137731), 2,6-DTBP (D48400), DHRCD (H107), and Bacillus brevis gA
(G5002) were from Sigma Aldrich (St. Louis, MO; catalog numbers as indicated). Propofol, 2,4-
DSBP (S367907) and 2,6-DSBP (152830050) were from TCI America (Portland, OR), Sigma
Rare Chemicals Library and Acros Organics (Pittsburgh PA), respectively. ANTS (A350) was

from Invitrogen (Eugene, OR) and DCy,.; PC (850398) was from Avanti Polar Lipids (Alabaster,

-13-
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AL). Stock solutions of alkylphenols were stored at -20 °C for no more than one week while
dilutions in recording solutions were prepared on the day of use. Sterile samples of Diprivan®
(1% propofol in intralipid, which contains: 10% soybean oil; 2.25% glycerol; 1.2% egg lecithin;
0.005% EDTA-Na; each as W/V) was obtained from Abraxis Bioscience (Schaumburg, IL) and

kept at 4 °C.

Data and statistical analysis Electrophysiological data analysis was performed in
PulseFit (HEKA Elektronik) and custom analysis routines written in IgorPro (Wavemetrics
Corporation, Lake Oswego, OR). Behavioral data were compiled and analyzed in Excel
(Microsoft Corporation, Redmond, WA). Fluorescence quench data were analyzed using custom
routines in Matlab (MathWorks, MA) and Origin (OriginLab, MA). Statistical analysis was
performed using one-way ANOVA with post hoc Holm-Sidak analysis (enabled in SigmaStat
V3.1, Systat Software, Point Richmond, CA). Unless a reference population is defined, tests
were performed across all possible pairs and relevant pairs identified from the matrix post hoc.
All data are presented as mean + SEM; for ESso, the error was determined using the Jackknife
method. For normalized data, the error around the denominator is that factor’s observed error

divided by its observed mean.
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RESULTS

Subhypnotic doses of propofol reduce mechanical and thermal hyperalgesia  Figure 1A
shows Pw,ipsi and Pw.contra In post-PNL mice as a function of stimulus strength (Von Frey
fibers ranging from 0.6 to 4 g) and i.p. propofol administration (cumulative dose of propofol
ranging from 0 to 60 mg/kg). At these doses, propofol markedly reduced the mechanical
hyperalgesia in the ipsilateral paw with only modest disturbance of normal mechanical
nociceptive response, as monitored in the contralateral paw. Pw,ipsi is higher than Pw,conTra IN
the absence of propofol, but the difference is significantly reduced upon administration of 20
mg/kg propofol and, at a dose of 60 mg/kg, the response becomes indistinguishable from the
control value of Pw,contra. In contrast, 20 to 60 mg/kg (cumulative dose) propofol had no
statistically significant effect on Pw,contra Suggesting that in the absence of neuropathy,
mechanical nociceptive reflexes are relatively insensitive to propofol (consistent with the results
of (Udesky et al., 2005)).

In Figure 1B, we plot Pw,ipsi and Pw,contra a@s a function of the contralateral control
value. In each case the ratios determined across the 2.5 to 4 g stimulus strengths were averaged
(see Materials and Methods). Figure 1B shows that subhypnotic propofol provides an ~80%
reversal of the neuropathic phenotype (the ratio drops from 3.3 to 1.6, where unity would
represent complete amelioration).

Figures 1C and D plot, respectively, the Logit transformation of the data presented in
Figure 1A and the extracted 50% stimulus response value (ESsp) as a function of cumulative
drug dose. These data show that subhypnotic propofol reverses the neuropathic phenotype
accompanied by a modest nociceptive analgesia. In the absence of propofol, vehicle injection

was without effect; ipsilateral ESsy values were 2.4 + 0.01 and 2.3 £ 0.01 (before and after
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vehicle, respectively) whereas contralateral values were 4.8 + 0.1 and 4.6 + 0.1. No animals lost
their righting reflex consistent with previous demonstrations that >100 mg/kg i.p. propofol is
required for obviation of this reflex (Lingamaneni et al., 2001; Udesky et al., 2005). We
conclude that selective suppression of neuropathic mechanical hyperalgesia occurs at propofol
doses that are three- to ten-fold lower than those producing hypnosis.

Figure 2 shows the assessment of thermal hyperalgesia analyzed in a manner equivalent
to that shown in Figure 1 for mechanical hyperalgesia. Figure 2A and B plot HPWLps, and
HPWLconTra Values at stimulus strengths of 15 and 30%, respectively (each as a function of the
cumulative i.p. propofol dose) whereas Figures 2C and D show the latencies as a function of the
contralateral control value (Figure 2C) and their cognate zero drug condition (Figure 2D). As
observed with mechanical hyperalgesia we see that subhypnotic doses of propofol relieve
neuropathic thermal hyperalgesia. In the absence of propofol, vehicle injection was without
effect; before and after vehicle administration ipsilateral withdrawal was 2.2 and 2.3 (each + 0.3)

times as fast as pre-injection contralateral withdrawal.

2,6 di-tert-butylphenol is a potent antagonist of HCN1 channel gating HCN1 is implicated
in the etiology of neuropathic pain and is sensitive to propofol. As there is selectivity among
alkylphenols for GABAAa-Rs, we explored whether such selectivity was also true for HCN
channels.

Figure 3A shows TEVC recordings from Xenopus oocytes expressing homomeric HCN1
channels (Left) and the corresponding tail currents (Fig. 3A, Right) obtained following
incubation with either DMSO alone (Top) or 10 uM 2,6-DTBP (Bottom). In all four panels, the

red line highlights the trace recorded with an activation voltage of -65 mV. Qualitative
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inspection of the data suggests that 2,6-DTBP makes HCN1 channels harder to activate or open,
maybe both. The compound slows opening, accelerates closing, and shifts gating to more
hyperpolarized potentials. The equilibrium activation curves confirm the latter observation
(Figure 3B). Such findings are qualitatively identical to the effects of propofol (Cacheaux et al.,
2005).

From recordings such as those shown in Figure 3A and B, we constructed a concentration
response relationship for the 2,6-DTBP-induced shift in V1, of HCN1 gating (Fig. 3C Top — data
fit by the solid line). These results show that 2,6-DTBP is a five- to six-fold more potent
inhibitor of channel gating than propofol (ECsy of 2.3 uM versus 13 puM), and that the two
compounds have similar maximal efficacy (Vi of -32 mV versus -45 mV) and apparent
stoichiometry (n of 1.4 versus 1.1) when the drug effects are determined under equivalent
experimental conditions (Lyashchenko et al., 2007). Importantly, 2,6-DTBP had similar efficacy
whether it was solubilized in DMSO or DHRCD (V1 after 20 min incubation with 20 uM 2,6-
DTBP was -31.9 mV + 0.7, n = 6 with DMSO versus -27.7 mV £ 0.7, n = 6 with DHRCD).

To gain insight into whether 2,6-DTBP alters the behavior of fully activated channels, we
determined the maximal current density (as obtained from fits of the Boltzmann equation to
equilibrium activation curves) before and after incubation in the presence or absence of 2,6-
DTBP or vehicle alone. In all cases, the post-incubation current was larger than the pre-
incubation current but this run-up appeared to be modestly blunted by 2,6-DTBP (Control: 121%
+4,n=28; DHRCD: 124% = 7,n=7; 20 uM 2,6-DTBP: 108% + 7, n = 6; the difference did not
reach statistical significance). The run-up in current amplitude may be due to translocation of

vesicular channels into the plasma membrane during incubation. In summary, the primary effect
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of 2,6-DTBP appears similar to that of propofol, which is to stabilize the closed/deactivated state

of HCN1 channels with little effect on the conduction path (Lyashchenko et al., 2007).

The alkylphenol adduct sensitivity of HCN1 channels contraposes that of GABAA receptors
To examine further the nature of the selective alkylphenol association with HCN1 channels, we
asked whether coupling of butylphenols to HCN1 channels displayed any dependence on the
structure or location of the alkyl adducts attached to the phenol ring. Specifically, we examined
the ability of 2,6-di-sec- as well as 2,4-di-tert- and 2,4-di-sec-butylphenols to inhibit HCN1
channel gating. Figure 3C plots the concentration-response relations for 2,6-DSBP and 2,6-
DTBP (Top) and 2,4-DSBP and 2,4-DTBP (Bottom). In each case, the dashed lines through the
respective data represent the fit of the Hill equation to the 2,6-DTBP results, offset by two-, 15-
and 23-fold (for 2,4-DTBP, 2,6-DSBP and 2,4-DSBP, respectively). There is a strong preference
for the tertiary versus the secondary butyl side chains (by more than ten-fold) and a (weaker)
preference for 2,6 over 2,4 substitutions (~two-fold). Importantly, the preference for tertiary
butyl groups is the inverse of the steric requirements that modulate alkylphenol effects on
GABAA-Rs.

As we cannot determine the maximal efficacy of the less potent alkylphenols (at the
highest concentrations tested, the aqueous solubility limit is exceeded by visual inspection, see
also Supplemental Methods), it is possible HCN1 channels discriminate between di-sec and di-

tert butylphenols more fully than is suggested by comparison of potency alone (Figure 3).

2,6 di-tert-butylphenol selectively antagonizes gating of HCN1  Propofol is an efficacious,

potent antagonist of HCN1 channel gating with marked selectivity for HCN1 over the other HCN
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isoforms; 20 uM propofol shifts Vi, by -45 mV for HCN1 but only -9 mV and 0 mV for HCN2
and 4, respectively (Lyashchenko et al., 2007), and -0.6 mV + 0.1 (n = 6) for HCN3 (data not
shown). Figure 3D shows that 2,6-DTBP retains this selectivity profile, suggesting that 2,6-

DTBP could be an analgesic with minimal hypnotic effect.

2,6-di-tert-butylphenol reverses the neuropathic responses to mechanical and thermal insults
while leaving nociception largely intact 2,6-DTBP does not potentiate GABAA-Rs nor is it a
general anesthetic at concentrations equivalent to those that are hypnotic for propofol (James and
Glen, 1980; Krasowski et al., 2001); and references in Table 1). Thus, if potentiation of
GABAA-Rs represents a critical aspect of propofol’s efficacy as a neuropathic pain-selective
analgesic, then 2,6-DTBP would be expected to be ineffective. In contrast, if HCN1-containing
Iy channels were involved in propofol’s neuropathic analgesic activity we would anticipate 2,6-
DTBP would retain a propofol-like efficacy (see Discussion for possible alternative targets).
Figures 4 and 5 show that 2,6-DTBP ameliorates the behavioral consequences of PNL-induced
hyperalgesia with respect to both mechanical (Fig. 4) and thermal insults (Fig. 5) and does so
with a preferential retention of nociceptive transmission, a finding that closely mirrors the
activity seen with sub-hypnotic propofol. These therapeutic effects are not due to vehicle. In the
absence of 2,6-DTBP, ipsilateral ESsy values were 1.5 g = 0.1 and 1.3 g £ 0.3 before and after
vehicle whereas contralateral values were 3.7 g = 0.2 and 4.2 g £ 0.6; similarly, before and after
vehicle administration the ipsilateral withdrawal was 1.8 £ 0.2 and 1.6 £ 0.1 times as fast as

preinjection contralateral withdrawal.
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Alkylphenol inhibition of HCN1 channelsis not due to effects on the lipid bilayer The
alkylphenols are hydrophobic, with calculated octanol/water partition coefficients (expressed as
cLog P) of ~5 (Krasowski et al., 2001), comparable to that of potent bilayer modifiers (Rusinova
et al., 2011). General anesthetics have been shown to exert many, but perhaps not all, of their
effects via specific interactions with ion channels (Eger et al., 2008), thereby leaving open the
possibility that those that are lipophiles (such as the alkylphenols) may also alter embedded
membrane protein function via interactions with the lipid bilayer ((Lundbaek et al., 2010), cf.
Figure 6A). We therefore tested whether the alkylphenols alter bilayer properties at the
concentrations where they alter HCN channel function. To do so, we examined the ability of
propofol and the butylphenols to alter the energetics of gA channel formation (Figure 6B) using
a gA-based fluorescence assay (Ingolfsson and Andersen, 2010; Ingélfsson et al., 2010;
Lundbaek et al., 2010).

Figure 6C and D show the effect of 2,6-DTBP on the time course of TI*-induced
quenching of the fluorescence emission of ANT encapsulated into gA-doped LUVs. Because TI*
primarily enters the LUV through membrane-spanning gA channels, changes in the fluorescence
quench rate reflect changes in the average number of channels/vesicle. Addition of increasing
concentrations of 2,6-DTBP had only a weak effect on either the rate or extent of quenching,
meaning that alkylphenols have little effect on the gramicidin monomer<«sdimer equilibrium
(which varies with changes in lipid bilayer physical properties); this is especially evident when
the data here are contrasted with those obtained in vesicles doped with a potent membrane
modifying amphiphile, capsaicin (see Supplemental Results; Figure S5).

A modest effect on the quench rate is also observed when vesicles are doped with the

other butylphenols but not with propofol (Figure 6E). Importantly, there is no correspondence
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between the rank order of potencies by which the five alkylphenols inhibit HCN1 gating (Figure
6F) and their modest effects on membrane deformation energetics (Figure 6E).

One caveat with directly comparing the ECso of channel inhibition with the effect of the
alkylphenols on the gA-mediated fluorescence quench rate is the question of the meaning of the
added aqueous concentration. Partitioning of compounds with a high cLog P will tend to lower
the added aqueous concentration even when the aqueous phase is present in what would
normally be considered vast excess. However, the effective lipid:aqueous volumes of our oocyte
incubations and our vesicle incubations are similar indicating that while the aqueous phase ‘free’
concentration of the alkylphenols will be lowered (by ~10-fold over the added initial aqueous
concentration), this will be similar in the two assays. We conclude that neither 2,6-DTBP nor
propofol alter HCN1 channel function through changes in lipid bilayer properties at the
concentrations tested, an observation that supports the notion that alkylphenols interact

specifically and selectively with HCN1.
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DISCUSSION

We tested the hypothesis that Iy pacemaker channel antagonists with selectivity for the
HCNL1 subunit would provide analgesia in a murine model of neuropathic pain, and found that
two closely related alkylphenols, the intravenous anesthetic propofol and its non-anesthetic
congener, 2,6-DTBP, both inhibit heterologously expressed HCN1 channels and are
antihyperalgesic in a mouse model of neuropathic pain. Our results are consistent with selective
inhibition of HCN1 channels being the presumptive antihyperalgesic mechanism for this class of
compounds. This supposition is supported by data demonstrating that the structurally related
clove extract, eugenol (2-methoxy-4-(2-propenyl)phenol), inhibits Iy in trigeminal neurons and
reverses mechanical allodynia following chronic nerve constriction (Yeon et al.,, 2011).
Recently, 2-ethoxy-N-((1-(4-isopropylpiperazin-1-yl)cyclohexyl)methyl)benzamide, a 1,1-
disubstituted cyclohexane which appears to selectively inhibit HCN1 channels, has been shown
to alleviate nerve injury-induced tactile allodynia in a murine model (McClure et al., 2011),
further supporting the idea that specific HCN1 channel blockade might have therapeutic potential

in the treatment of neuropathic pain.

Antihyperalgesic action of anesthetic and non-anesthetic alkylphenols Here, we demonstrate
that propofol, at subhypnotic doses, (Figures 1 and 2) and 2,6-DTBP (Figures 4 and 5)
profoundly reduce hyperalgesia in a mouse model of neuropathic pain. These observations are
consistent with prior results demonstrating that propofol has extended analgesic properties. For
example, human subjects who received propofol anesthesia for elective surgical procedures
reported less postoperative pain than those anesthetized with the volatile general anesthetics

isoflurane (Cheng et al., 2008) or sevoflurane (Tan et al., 2010). In humans, subanesthetic doses
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of propofol (i.e. 10 to 25% of the dose required to produce general anesthesia) are associated
with a decrease in tibial pressure-induced pain (Briggs et al., 1982), while concentrations
sufficient to produce mild to moderate sedation are analgesic with respect to acute thermal pain
((Frolich et al., 2005) and see also (Anker-Mgller et al., 1991). With respect to pathologic pain,
and therefore of direct relevance to the present study, intrathecally administered propofol dose-
dependently suppresses algesic behavior (paw flinching and shaking) elicited by subcutaneous
injection of formalin into the hindpaw in rats (Nishiyama et al., 2004). Additionally,
subcutaneous injection of propofol suppresses bee venom-induced algesic behaviors in rats when
administered ipsilateral, but not contralateral, to the site of venom injection (Sun et al., 2005),

suggesting a peripheral, rather than central, site of action.

Potential sites of analgesic action of anesthetic and non-anesthetic alkylphenols During
general anesthesia, the steady-state plasma concentration of free propofol is on the order of 1 uM
(Table 1). Inhibition of neuropathic pain emerges at three- to ten-fold lower doses than the EDsg
for anesthesia (Erenmemisoglu et al., 1993; Lingamaneni et al., 2001), or 0.1 to 0.3 uM. If
propofol and 2,6-DTBP partition similarly and proportionally, we further estimate that an
analgesic dose of 2,6-DTBP of 80 mg/kg (i.p.) would yield a predicted free serum concentration
of ~0.6 uM. Based on dose-response relations determined from heterologously expressed
channels (Figure 3), such a 2,6-DTBP concentration is anticipated to have a marked effect on
HCN1 channel gating whereas that of propofol is on the cusp of the effective dose - though
estimates of alkylphenol potency based on inhibition of heterologously expressed channels can
be an underestimate by a factor of ~10 due to the consequences of partitioning into the lipophilic

interior of Xenopus oocytes (see Results and also (Cacheaux et al., 2005)).  Together, our
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results are consistent with the alkylphenols exerting their antihyperalgesic action via association
with, and inhibition of, HCN1-containing, peripheral I channels. Given a partial sensitivity of
HCNZ2 to both propofol and 2,6-DTBP, a synergistic contribution of HCNZ2 inhibition (Ying et
al., 2006; Emery et al., 2011) cannot be discounted. A more critical examination of this question
will require analysis of analgesia in mice lacking alkylphenol-sensitive HCN isoforms.

If alkylphenols are not exerting their analgesic actions via HCN channels, what are
plausible alternative targets? The key molecular targets of propofol-induced hypnosis are the
GABAAa-Rs (Franks, 2008). However, GABAa-Rs are unlikely to mediate the neuropathic
analgesic action of alkylphenols as heterologously expressed (a1f2y2s subunits (Krasowski et al.,
2001; Ahrens et al., 2009)) and native (Xenopus laevis spinal cord neurons (Krasowski et al.,
2001)) GABAA-Rs are insensitive to 2,6-DTBP. As for glycine receptors (Gly-Rs), while
inhibition of spinal Gly-Rs produces allodynia (Sherman and Loomis, 1994), and both propofol
(Pistis et al., 1997; Ahrens et al., 2004) and 2,6-DTBP (Ahrens et al., 2004) enhance the gating
of heterologously expressed Gly-Rs, their sensitivity is too low for them to be relevant targets in
this regard.

Among voltage-gated channels, Nay1.3, 1.7, 1.8 and 1.9 are implicated as mediators of
inflammatory and neuropathic pain (Jarvis et al., 2007; Costigan et al., 2009; Dib-Hajj et al.,
2009). Although the alkylphenol sensitivity of these isoforms has not been examined in detail,
the Na* currents of neurohypophysial nerve terminals are inhibited by micromolar concentrations
of propofol (Ouyang et al., 2003) and at least one isoform (Nay1.2) is inhibited by 2,6-DTBP
albeit at relatively high concentrations (> 10 uM) (Haeseler and Leuwer, 2003). Interestingly, an
extensive library screen by Abbott laboratories and lIcagen identified a 4-substituted 2,6-

dimethoxyphenyl as a Nay antagonist with preference for Nay1.8 (Jarvis et al., 2007). This
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compound ameliorates some modalities of neuropathic pain at doses comparable to those we
show to be efficacious for 2,6-DTBP. Finally, we note that 2,6-DTBP is a presumptive inhibitor
of key enzymes in the arachidonic acid cascade (e.g., (Song et al., 1999)). It is unlikely the anti-
hyperalgesic activity of alkylphenols is related to cyclooxygenase inhibition (given that efficacy
as an inhibitor of these enzymes is a poor predictor of a compound’s efficacy against neuropathic
pain (Vo et al., 2009)), but it suggests that alkylphenol anti-hyperalgesic activity may result from
a combination of actions with HCN1 inhibition being a major contributor.

The CSF concentration of propofol required for anesthesia is approximately one-sixth of
that in plasma (Table 1). Examination of the extent to which 2,6-DTBP shares this property and
exploitation of relative CSF sparing would benefit development of alkylphenols with respect to

specifically targeting peripheral sensitization.

Mechanistic basis for selective inhibition of HCN1 channels by di-propyl and di-butyl
alkylphenols We have previously shown that propofol modifies gating of HCN channels in the
closed-resting and closed-activated states with little or no pore-blocking effect (Lyashchenko et
al., 2007). We now demonstrate that the HCN21 sensitivity to alkylphenols displays a
dependence on the steric arrangement of the alkyl adducts. With regard to GABAAa-R
potentiation, such a steric effect has previously been interpreted as evidence for the existence of
a protein pocket of circumscribed dimensions within the channel (Franks and Lieb, 1985;
Krasowski et al., 2001). Such phenomena can, however, also arise in a system in which no
binding site exists (Ingélfsson and Andersen, 2011), and we examined the ability of alkylphenols
to alter lipid bilayer properties. Whereas the butylphenols (but not propofol) modestly altered

lipid bilayer properties (as sensed by a membrane-spanning channel), this was seen only at
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concentrations much higher than those where they altered HCN1 channel function - and there
was no apparent rank order in their effect on bilayer properties, and certainly not one that
corresponded to the clear rank order effect with respect to inhibition of HCN1 (Figure 6E versus
F). Propofol has recently been shown to occupy a defined pocket in a GABAA-R homolog (Nury
et al., 2011); consequently, we hypothesize that a similar site exists within HCN1 albeit with
mirror-image dependence (as compared to the GABAA-R) on the steric arrangement of the

alkylphenol.

Alkylphenol effects on lipid membranes Interestingly, while their effect on the energetics of gA
channel formation was modest, the trend was for di-butylphenols to reduce the fluorescence
quench rate, meaning that they shifted the gA monomer«dimer equilibrium toward the non-
conducting monomers. The usual result is that small bilayer-active molecules shift the
monomer<«dimer equilibrium toward the conducting dimers (e.g., capsaicin — see Figure S5 and
also (Lundbaek et al., 2010)) though there are exceptions such as the long-chain alcohols
(Ingolfsson and Andersen, 2011). The parsimonious interpretation is that the di-butyl-phenols

increase acyl chain order and bilayer thickness, though we do not understand why.

Conclusons We have shown that the closely related anesthetic and non-anesthetic
alkylphenols, propofol and 2,6-DTBP, selectively inhibit HCN1 pacemaker channels and provide
selective reversal of mechanical and thermal hyperalgesia resulting from peripheral nerve injury
in a mouse model. Although these findings do not establish that alkylphenols exert their
analgesic action via HCN1 channel inhibition in vivo, they establish that 2,6-DTBP (or

derivatives thereof) represent a novel class of analgesic agents that might selectively target
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chronic neuropathic pain. Our observations also provide a chemical lead for development of
peripherally restricted HCN1-selective antagonists based on a widely used, and safe, therapeutic
agent. It is interesting to speculate that a suppression of peripheral hyperexcitability by propofol
accounts for the lower post-surgical pain that has been reported when it is used to provide

anesthesia.
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FIGURE LEGENDS

Figure 1. Subhypnotic doses of propofol selectively suppress PNL-induced mechanical
hyperalgesia with respect to mechanical nociception.

A, B. Pw,ipsi and Pw,conTra as a function of stimulus fiber strength determined before and after
i.p. propofol (A) and Pw,ps and Pw,contra as a function of Py,contra before drug injection (B).
Asterisks and crosses indicate Py values statistically different from control Pw,ipsi and
Pw.conTra, respectively. In A tests are performed separately for each stimulus intensity; in B
tests are with respect to Pyw,conTra.

C, D. Logit transformation of Py,psi and Pw,contra In the absence or presence of propofol (C)
and the extracted ESs plotted as a function of drug dose (D). In C, the color gradations have the
same meaning with respect to dose as in A, the dashed horizontal line is at a Pw of 0.1. In D,
asterisks and crosses have the same meaning as in A while the lines are linear regressions with
R? values of 0.98 for the ipsilateral data and 0.99 for the contralateral data; P for both regressions

was <0.01. Data are from 15 mice (except for 0.6 g stimulus, which was for 11 mice).

Figure 2. Subhypnotic doses of propofol selectively ameliorate PNL-induced thermal
hyperalgesia with respect to thermal nociception.

A, B. HPWL as a function of heat source intensity determined before and after i.p. propofol.

C. HPWL ps; and HPWLconTra as a function of HPWLconTra before drug injection.

D. HPWL ps; and HPWLcontra as a function of HPWL observed in the cognate paw before drug

injection.
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Asterisks and crosses indicate HPWL values statistically different from control HPWLps; and
control HPWLconTra, respectively. In C statistical tests are with respect to Pw,conTra; in D tests

are within paw only. Data are from 10 (30%) or 14 (15%) mice.

Figure 3. 2,4 and 2,6 tertiary butyl substituted phenols — High potency HCN1 selective
pacemaker channel antagonists.

A. HCN1 TEVC records (Left) and tail currents (Right) obtained following 20 min incubation in
either DMSO (Top in gray) or 10 uM 2,6-DTBP (Bottom in black). Red lines highlight records
obtained upon activation at -65 mV. Records are from two separate cells but are from the same
donor frog and were acquired on the same day.

B. Tail current activation curves for cells shown in A. Fits of the Boltzmann function
(superimposed lines) yielded values of the V1, and slope of —60.6 and 8.7 mV (mean —64.8 mV
+1.9and 7.5 mV £ 0.3; n = 14) versus —90.8 and 9.7 mV (mean -88.3 mV = 1.4 and 9.6 mV +
0.1; n =6) in the presence of DMSO and 10 uM 2,6-DTBP, respectively.

C. Shift in V1, of HCN1 gating as a function of the concentrations of 2,6- (Upper panel) or 2,4-
(Lower panel) dibutylphenols. The solid line (and indicated parameter values) is from a fit of the
Hill function to the 2,6-DTBP concentration response relationship. The dashed lines are the 2,6-
DTBP fit line offset by 2, 15 and 23-fold for 2,4-DTBP, 2,6-DSBP and 2,4-DSBP, respectively.
As the Vi, elicited by 20 uM 2,6-DTBP was similar irrespective of whether the compound was
solubilized in DMSO or DHRCD (see text), these values were pooled here. For DTBPs the shift
in V1, was significant at 1 pM and higher but for DSBPs significance was only observed at 20

UM.
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D. Shift in Vy,, of gating of HCN1-4 as a function of the indicated concentration of 2,6-DTBP.

Asterisks indicate responses statistically different from the paired control.

Figure 4. 2,6-DTBP sdlectively suppresses PNL-induced mechanical hyperalgesia with
respect to mechanical nociception.

A, B. Pw,ipsi and Pw,contra @s a function of stimulus fiber strength determined before and after
i.p. 2,6-DTBP (A) and Pw,ipsi and Pw contra @s a function of Pw,contra before drug injection
(B). Asterisks and crosses have the same meaning as in Figure 1.

C, D. Logit transformation of Pw,ps; and Pw,conTra In the absence or presence of 2,6-DTBP (C)
and the extracted ESs plotted as a function of drug dose (D). In C, the color gradations have the
same meaning with respect to dose as in A, the dashed horizontal line is at a Pw of 0.1. In D,
asterisks and crosses have the same meaning as in A while the lines are linear regressions with
R? values of 0.91 for the ipsilateral data and 0.92 for the contralateral data; P for both regressions

was <0.05. Data are from 10 mice.

Figure 5. 2,6-DTBP seectively ameliorates PNL-induced thermal hyperalgesia with
respect to thermal nociception.

A, B. HPWL as a function of heat source intensity determined before and after i.p. 2,6-DTBP.

C. HPWL ps1 and HPWLconTra as a function of HPWLconTra before drug injection.

D. HPWL ps; and HPWLcontra as a function of HPWL observed in the cognate paw before drug
injection.

Asterisks and crosses have the same meaning as in Figure 2. Data are from 10 mice.

-40-

20z ‘92 Jequiesa uo sfeudnor 134SY e Biosfeulnofledse ied [ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 2, 2013 as DOI: 10.1124/jpet.113.203620
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #203620

Figure 6. Alkylphenol inhibition of HCN1 channelsis not accompanied by effectson the
lipid bilayer.

A. Mechanisms by which drugs can inhibit membrane protein (ion channel) function: 1)
Occluding the pore to block ion movement; 2) binding to sites formed by the channel, to alter
function by altering the free energy difference between different channel conformations; 3)
binding to selective sites at the channel/bilayer interface, which may alter also the bilayer
deformation energy contribution to the free energy difference between different conformations;
and 4) non-specific accumulation at the protein/bilayer interface to alter the local lipid packing,
as well as 5) partitioning at the bilayer/solution interface to alter lipid bilayer properties, both of
which will alter the bilayer contribution to the channel’s conformational equilibrium (modified
from (Andersen, 2008)).

B. Changes in bilayer properties can be determined by measuring changes in the gA
monomer«dimer equilibrium, e.g., (Lundbaek et al., 2010) because the ion conducting, bilayer-
spanning gA channel’s hydrophobic length is less than the host bilayer’s hydrophobic thickness.
gA channel formation thus leads to a local membrane thinning, with an associated energetic cost
that varies with changes in the bilayer properties, thus making gA channels suitable probes for
changes in bilayer properties.

C. Effect of 2,6-DTBP on the time course of TI" quenching of ANTS fluorescence. Normalized
fluorescence quench traces displaying the normalized fluorescence time signal over 1 s, gray dots
denote results from all repeats (n > 5 per condition); red lines denote the average of all repeats.
The upper two, largely flat and superimposed, traces show fluorescence quenching in the
absence of gA and presence of the quencher TI" in the absence and presence of 100 pM 2,6-

DTBP; the lower four, exponentially decaying and essentially superimposed, traces report the
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fluorescence time courses observed in gA-containing vesicles incubated with 0, 10, 20 and 100
UM 2,6-DTBP.

D. The first 100 ms of the fluorescence time courses. The dots denote results from a single
repeat for each condition; the lines correspond to the stretched exponential fits (2 — 100 ms) to
those repeats. The stippled line marks the 2 ms time point, at which the quenching rate is
determined.

E. Fluorescence quench rates in the presence of the indicated concentrations of alkylphenols
normalized to the rate determined in the agent’s absence.

F. Log plot showing the ECs for inhibition of HCN1 by the indicated alkylphenols.
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Table1l. Reationship between total and free plasma and CSF propofol concentrations during general anesthesia

Reference

Propofol dosing®

(Engd

ahl et al., 1998)

(Dawidowicz et al., 2002) (Dawidowicz et al., 2003)

(Dawidowicz and Kalitynski, 2003)

Bolus (mg/kg) 2 - 2 -

133 x 15 min then 100 200 x 15 min, then 150 x 30
Infusion (ug/kg/min) thereafter - min, then 100 thereafter -

45-5x15minthen3.5-4 4.5 -5 atinduction then 3.5 - 4

Infusion TCI (ug/ml) - thereafter - thereafter
Plasma [propofol] pg/ml pM® pg/ml pm® pg/ml pm® pg/ml pm®
Total 2.2 12.3 45-5 25.2-28 3.3-42 18.5-23.6 6.1 34.2
Free (measured) - - - - - - 0.06 0.34
Free (calculated)’ 0.06 0.31 0.11-0.13 0.6-0.7 0.08-0.1 0.4-0.6 0.15 0.86
CSF [propofol] ng/ml MM ng/ml MM ng/ml MM ng/ml KM
Total 36.0 0.2 21-29 0.1-0.16 51 - 86 0.3-05 95.6 0.54
Free - - - - - - - -
Total ~78" 0.4
Free (measured) ~24° 0.1

& The fixed-rate dosing regimens in Engdahl et al. (1998) and Dawidowicz et al. (2003) yield comparable total propofol plasma levels

as the target controlled infusion regimens employed in Dawidowicz et al. (2002) and Dawidowicz & Kalitynski (2003). Using the

same pharmacokinetic model as the Diprofusor’™ software (Dawidowicz et al. 2002), total effect site propofol concentration in

Engdahl et al. (1998) is estimated to be 2.75 — 2.80 ug/ml and 3.25 — 3.30 pug/ml in Dawidowicz et al. (2003), both of which are in

good agreement with the observed values. Our modeling is based on a 30 yr old male, height 178 cm, weight 75 kg.
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> Calculated free [propofol] was determined assuming that the free fraction is 2.5% of the total (Servin et al., 1988).

¢ Data originally provided as mass/ml; molar concentrations calculated using propofol molecular weight = 178.3.

9 Different group of subjects than used for measuring plasma and total CSF concentrations.

N.B. - The total plasma propofol concentration which typically produces loss of consciousness is on the order of 3 - 5 ug/ml (17 - 27

uM) (Smith et al., 1994) and references therein).

-44-

202 ‘92 Jequiess uo sfeudnor 134SY e Blosfeulnofiedse ied [ wiol) papeojumoq

"UDISJOA SIY) WOJJ B JIP Aew UOISIOA [eul} 8L ‘PeleWLIo) pue pelipeAdod usaq Jou sey spie siyL
02902 °€TT R_AIFZTT 0T [10A Se €102 ‘Z 111d uo paustiand "pLmIoH 15eH 13d0


http://jpet.aspetjournals.org/

>

Probability of withdrawal (Pw)

o

Pw / Contra control «

20
40
60

20
40
60

0.5

©
g
9]
3
40
Z
o
"
g
9]
i)
i
]
g
=]
=
o
v]

0.0

0.6

® lpsi
+ @ Contra

0 20 40 60
Propofol, mg/kg (ip)

Ln (Pw / 1-Pw)

% Different from ipsi pre-injection
+ Different from contra pre-injection

1 2 3 4
Stimulus intensity, g

Figure 1

R K KR XK KR
+ ++

33

D.

4.0

0 20 40 60
Propofol, mg/kg (ip)


http://jpet.aspetjournals.org/

HPWL, s

HPWL/Contra0 O

o
>

w

[=3

e
N

Heat Ipsi Contra B. Significant difference from
5% ® @
0% O O

% Pre-injection ipsi
+ Pre-injection contra
12rF

HPWL, s
*

%

0 20 40 60 0 20 40 60
D.
o 18F .
L
*
214
(o))
o
ke 1.0
e
+ L5y
o g 0.6
& ool
0 20 40 60 0 20 40 60

Cumulative propofol, mg/kg (i.p.)

Figure 2


http://jpet.aspetjournals.org/

10 yM 2,6-DTBP | @ -95 mV

1 HA

Ts

(o [Butylphenol], pM
0.1 1 10

e 2,6-DTBP
m 2,6-DSBP

P ™ C 5 el "y v g

D.

Figure 3

It/ It max

-120 -80 -40
Step potential, mY

HCN isoform
1 2 3 4

oMe oMC omQ  omnd
~ N ~ ~

[2,6-DTBP], uM


http://jpet.aspetjournals.org/

Probability of withdrawal (Pw) .)>

%

Pw / Contra control

0.5

NBBo N8B o
NSS NS S

I
T
K
)
‘7
2
I
T
gz
£
[
=
=
o
L]

++ +
0.6

Q 40 80 120
2,6-DTBP, mg/kg (ip)

N

Ln (Pw / 1-Pw)

* Different from ipsi pre-injection
+ Different from contra pre-injection

E3EED
++ +++

25
Stimulus intensity, g

Stimulus intensity, g

Figure 4

+++ +
33 4.0

0 40 80 120
2,6-DTBP, mg/kg (ip)


http://jpet.aspetjournals.org/

A. Heat Ipsi Contra B. Significant difference from
5% @ @ * Pre-injection ipsi
30% O O + Pre-injection contra

HPWL, s

C. D. .
13- ol8p *
(=]
g g
€10 [=A 17| B
o >
< S
<
S07+ =10
g =
=™ + &
Toa Tos6-
0 40 8 120 0 40 8 120

Cumulative 2,6-DTBP, mg/kg (i.p.)

Figure 5


http://jpet.aspetjournals.org/

£

Compression Bénaing

C. D.

[J] 1

W

c

[

b

g

S 09

=

[

2

&

g 0.8 Il 1 1 1 1 J
0 02 04 06 08 1 0 20 40 60 80 100

Time, s Time, ms

E. Alkylphenol concentration, pM F,

@ 10 20 1

o 1.0 - (i)

S 08 .Uoj - 3 *

£ : O .lj ; O

2 0.6 Q 10 o

k5 04 ® 26DTBP 5 -

= 02 O 24-DTBP Py o

€ 00 O  Propofol S 100

s B 26-DSBP B

= O 24DSBP

Figure 6


http://jpet.aspetjournals.org/

HCN1 channels as targets for anesthetic and non-anesthetic propofol analogs in the
amelioration of mechanical and thermal hyperalgesia in a mouse model of neuropathic

pain

Gareth R. Tibbs, Thomas J. Rowley, R. Lea Sanford, Karl F. Herold, Alex Proekt, Hugh C.

Hemmings, Olaf S. Andersen, Peter A. Goldstein, Pamela D. Flood

JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS

SUPPLEMENTAL METHODS

Solubilization of alkylphenols for in vivo and in vitro analysis ~ For most in vitro
experiments propofol and its dibutyl analogues were solubilized as 500 mM stock solutions in
DMSO. Serial dilutions were then dispersed into the aqueous recording solutions maintaining
the DMSO concentration at 0.04 % (*/v). Given that the examined concentrations approach the
aqueous solubility limits of the less soluble butylphenol compounds (variously reported as 20 —
200 uM for 2,6-di-tert-butylphenol compared to 864-1740 uM for propofol (Brewster et al.,
1994; Trapani et al., 1996) and CAS/InCHEM data sheets), recording solutions were shaken
vigorously for 120 min after addition of propofol or its analogues. It has been reported that 2,6-
DTBP can be prepared as an injectable 1 % ("'/y) dispersion using a Cremaphor preparation
(James and Glen, 1980), but our initial attempts to solubilize 2,6-DTBP using the more
biologically tolerated Intralipid® emulsion (akin to the Diprivan® formulation of propofol -
(Baker and Naguib, 2005)) were unsuccessful. Thus, we found that even if the 2,6-DTBP was

liquefied by heating to 60 °C prior to addition of intralipid and the mixture shaken vigorously



for 1-18 hours, the combination was always recovered in two phases, a yellow oily
accumulation and a white emulsion. In contrast, we found 2,6-DTBP could be solubilized at
1% (V/v) in a carrier solution of 40% (V/v) dihydroxy-B-cyclodextrin (DHBCD, a biologically
tolerated carrier (Brewster et al., 1990)) using a simple, standardized, protocol.

To this end, appropriate masses of 2,6-DTBP and DHBCD that would yield 6 ml of 1%
2,6-DTBP in combination with 40% DHBCD were combined in a Teflon™ capped borosilicate
vial and heated to 60 °C in a water bath. This temperature is above the melting point of
2,6-DTBP (36 °C (Lorenc et al., 2003)) but below that of DHBCD (>200 °C (Loftsson and
Brewster, 1996)) and is compatible with stability of both reagents ((Loftsson and Brewster,
1996; Lorenc et al., 2003) and CAS documentation). After 15 min the molten 2,6-DTBP was
intimately mixed with the DHBCD by vigorous vortexing, 200 uL of 60 °C deionized (DI) H,O
added and, following additional vortexing, the vial returned to the water bath for 15-30 min.
Following addition of 3 further 200 pL aliquots of DI H,O, with corresponding incubation and
vortexing, the sample was left at 60 °C overnight. The resulting colorless viscous gel was
slowly diluted by addition of the required volume of DI H,O adding no more than 200 pL at a
time with 15-30 min incubation at 60 °C and vortexing after each addition. The resulting clear,
colorless, solution could be stored at -20 °C with no phase separation or precipitation. Visual
observation upon dispersal of this co-solution into an aqueous phase was consistent with
aqueous solvation rather than precipitation of the 2,6-DTBP. If DHBCD were omitted, after the
overnight incubation 2,6-DTBP was present as yellow oily droplets akin to those observed

when the compound was dispersed in the presence of Intralipid®.

Gas chromatography analysis of 2,6-DTBP Gas chromatography (GC) was performed

according to a modification of a method for propofol analysis (Yu and Liau, 1993; Fan et al.,



1995) using a Shimadzu GC-2010 Plus gas chromatograph (Shimadzu, Kyoto, Japan) equipped
with a split/splitless injection unit, a forensic crossbond phase fused silica column (Rtx-BAC2,
25 m x 0.53 mm, 2 um film thickness, Restek U.S., Bellefonte, PA) and a flame ionization
detector (FID). The injection port and FID were at 280 °C while the column temperature was
210 °C. The split ratio was 2:1 while the column flow was 6.96 ml/min with helium (linear
velocity 65 cm/s). Samples and standards were prepared as follows. To 200 pL of whole blood
(drawn following injection of HPBCD or 2,6-DTBP solubilized in HPBCD), we added 200 uL
of chloroform containing 100 nM thymol as internal standard and 2 pL of DMSO. Following
mixing (vortex for 20 s followed by 30 min on a rotator) and subsequent centrifugation (5000 g
for 10 min at 10 °C), the chloroform phase was transferred into a glass GC vial and washed
with an equal volume of 0.5 M NaOH. To compare 2,6-DTBP acutely solubilized in DMSO
with 2,6-DTBP solvated in HPBCD (according to our standard protocol), we combined an
aliquot of the appropriate solution containing 10 nmoles of 2,6-DTBP with 200 puL chloroform
containing the thymol internal standard (an addition that would result in a concentration of 50
uM 2,6-DTBP in the chloroform phase if all the 2,6-DTBP partitions therein). HPBCD was
added to the DMSO-solubilized 2,6-DTBP sample and DMSO was added to the HPBCD-
solubilized 2,6-DTBP sample so that the final concentrations of HPBCD and DMSO were
equivalent. An equal volume of H,O was added, the samples mixed vigorously, then the
chloroform phase recovered as described above. A control without 2,6-DTBP was processed in
parallel. For the standard calibration curve, aliquots of 2,6-DTBP acutely solubilized in DMSO
were added to 200 pL of chloroform plus the thymol internal standard (total DMSO addition
was 2 uL in all cases). We then added 200 puL of H>O and processed the samples as described

above. In order to determine the extraction efficiency from blood, 2,6-DTBP-spiked mouse



whole blood samples were processed using the extraction method above. Extraction efficiency
was calculated to be 0.42; therefore a correction factor of 2.39 was applied to measurements
from whole blood samples. In all cases 2 puL of the chloroform phase were injected for

analysis. Representative chromatograms and calibration curves are shown in Figures S1 and

S2.
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Figure S1. Gas chromatography of DHRCD solubilized 2,6-DTBP.

A-C. Representative GC chromatograms of 2,6-DTBP solubilized acutely in DMSO (A) or
following solvation in HPBCD (B) with respect to a sample containing both DMSO and
HPBCD but not 2,6-DTBP (C). The first large peak at 1 min retention time (RT) is the solvent
chloroform followed by a DMSO peak at ~1.5 min. The peak of the thymol internal standard
(IS, 2.7 min RT, 100 nmol) is in close proximity of the 2,6-DTBP peak (2.8 min RT). Note
that, for clarity, the thymol internal standard was omitted from the sweep in panel C.

D,E. Representative GC chromatograms of extracts taken from whole blood following
injection with HPBCD vehicle (D) or 80 mg/kg (i.p.) 2,6-DTBP in HPBCD (E). The total 2,6-
DTBP concentration in blood was 24 uM + 11 (mean = SEM), n = 6.
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Figure S2. Bioavailability of DHRCD solubilized 2,6-DTBP.

A. Representative standard curve for 2,6-DTBP and the internal standard. Each point is mean +
SEM for triplicate determinations.

B. Whole blood concentrations of 2,6-DTBP observed following the indicated cumulative dose
of alkylphenol. Each point represents mean = SEM from 5 or 6 mice.



SUPPLEMENTAL RESULTS AND DISCUSSION

Thermal stability of DHRCD solubilized 2,6-DTBP Alkylphenols are  subject to
oxidation (Hassanein et al., 1994) yielding, for example, quinones or dimerized DTB
hydroxyquinones (Bedell and Martell, 1983; Wang et al., 1984; Fujiyama et al., 1999); such
compounds are biologically available and bioactive (e.g., probucol and succinobucol
(Wasserman et al., 2003; Stocker, 2009)). This raises the possibility that there could be marked
transformation of 2,6-DTBP during HPBCD solvation. Comparison of the chromatograms in
Figure S1 suggests this is unlikely to be a significant factor. Thus, chromatograms of 2,6-
DTBP dissolved in DMSO immediately prior to GC analysis (Fig. S1A) are essentially
identical to those of HPBCD solvated 2,6-DTBP (Fig. SIB). Compare both to Fig. S1C
wherein vehicles without 2,6-DTBP were analyzed — note that the thymol standard was omitted
here for clarity. These findings are consistent with DHBCD exerting a protective effect on
compounds caged within the cyclodextrin structure (Brewster et al., 1994; Loftsson and
Brewster, 1996). Furthermore, our observations that DHBCD and DMSO solubilized 2,6-
DTBP are equally effective as antagonists of HCN1 support the contention that there is little or
no loss of 2,6-DTBP during its solubilization in the presence of the excipient, DHBCD. These
results do not exclude the possibility that a low abundance contaminant of our 2,6-DTBP
accounts for the biologically relevant analgesic activity, but they argue against such a

compound arising during formulation.

A second concern with our formulation involves the use of DHBCD for 2,6-DTBP but
Intralipid® for propofol. If these vehicles result in markedly different pharmacokinetic and
pharmacodynamic behaviors, the relative efficacy of the agents might be poorly reflected in our

behavioral data. We do not think that this is the case for the following reasons: first, the



pharmacokinetics and pharmacodynamics of propofol solvated in DHBCD are indistinguishable
from propofol dispersed in Intralipid® or Cremaphor supporting the notion that DHBCD
functions as a reliable vehicle for in vivo dispersal of the butylphenol analogues (Viernstein et
al., 1993; Trapani et al., 1998; Egan et al., 2003); second, the whole blood concentrations of
2,6-DTBP we observed are those expected if propofol and 2,6-DTBP have similar
pharmacokinetic properties irrespective of vehicle; third, DHBCD solubilized 2,6-DTBP is
comparable to 2,6-DTBP solubilized in DMSO as an HCN1 antagonist, which supports the
notion that the caged compound is readily aqueous available upon dilution; and fourth, as 2,6-
DTBP achieved essentially full analgesic efficacy, the key effect of a dispersal error would be

to underestimate its potency and not yield a false positive.

Bioavailability of DHRCD solubilized 2,6-DTBP Is DHBCD solvated 2,6-DTBP readily
bioavailable and what are the blood concentrations during the behavioral testing window? To
address this question, we injected animals with increasing doses of our standard 2,6-
DTBP/HPBCD formulation or HPBCD alone, recovered whole blood by venous puncture then
processed the samples for GC as described in Supplemental Methods. Figure S1D and E show
chromatograms obtained from samples wherein animals had received HPBCD or a cumulative
dose of 80 mg/kg 2,6-DTBP (two 40 mg/kg doses administered at the normal timing protocol).
Injection of 2,6-DTBP yielded a peak with the characteristic retention time of the alkylphenol.
The whole blood concentration of 2,6-DTBP for a cumulative dose of 80 mg/kg was 24 uM +
11 (mean + SEM, n = 6). Figure S2B shows the whole blood concentration of 2,6-DTBP as a
function of the cumulative administered dose. The behavior accords with i.p. HPBCD solvated

2,6-DTBP had similar pharmacokinetic and pharmacodynamic behavior as i.p. propofol.



Toxicity of DHRCD solubilized 2,6-DTBP It has previously been reported that 2,6-
DTBP is well tolerated following acute exposure to intravenous doses of 80-100 mg/kg (James
and Glen, 1980). Although the absolute dose is roughly comparable to that used in our
behavioral studies, the blood concentration achieved through intravenous injection is likely to
be some 40-fold greater than that achieved in our behavioral tests. Such findings suggest 2,6-
DTBP is not acutely toxic. To gain further insight into toxicity associated with the elevated
systemic load consequent upon use of i.p. injection, we exposed four mice to a single bolus
dose of 80 mg/kg, a dose that appears to offer a near maximal therapeutic relief. In agreement
with James and Glen (James and Glen, 1980), all mice tolerated this dose well, and they
survived for the seven day post-2,6-DTBP observation window during which time their

behavior was indistinguishable from paired controls.

Validation of mechanical and thermal behavioral assays with respect to development of
neuropathic pain following nerve ligation For discussion of Figures S3 and S4, see

the main text.
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Figure S3: Von Frey fiber analysis of mechanical hyperalgesia as a function of time post-
PNL and stimulus strength.

A-D. Probability of paw withdrawal (Pw) as a function of stimulus fiber strength (A,B) and a
Logit transformation (In [Pw / 1-Pw]) thereof (C,D) at 7-10 (A,C) or 14-17 (B,D) days post-
PNL. In B and D, the red lines represent linear regressions to the mean data while the dashed
lines represent a Py of 0.3. Asterisks indicate those pairs of Pw psi and Pw contra that are
statistically different.

E. Ratio of Pw psi to Pw.contra Observed in response to the indicated fiber strengths and the
mean thereof as a function of time post-PNL. Py ratios determined in response to each fiber
and the mean thereof were not significantly different from each other within or between the two
time points.

Data for 7 - 10 and 14 - 17 days are from 19 and 18 animals respectively (except for 0.6 g
stimuli which were from 10 animals.
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Figure S4: HPWL analysis of thermal hyperalgesia as a function of time post-PNL and
stimulus strength.

A,B. HPWL as a function of stimulus heat source intensity determined 7-10 or 14-17 days post-
PNL. HPWLpg; is significantly different from HPWLconTRA at intermediate stimulus strengths
(9 -15% at 7 - 10 days and 6 - 15% at 14 - 17 days — A and B, respectively) but not at lower
intensities nor at 30%.

C. HPWLpg; as a function of the stimulus intensity and time post-PNL matched HPWLconTRA.
At both 7 - 10 and 14 - 17 days post-PNL the ratios at 12 and 15% stimulus intensity were
significantly different (asterisked) from that observed at 3% but ratios determined at the same
intensity were not different between the two trial times.

At 7-10 days data are from 21 mice at 15% with 17 of these analyzed at all other intensities. At
14 - 17 days data are from 17 mice at 15 and 30% with four of these analyzed at 1the other
intensities.
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Sensitivity of the thallium quench assay as a detector of bilayer-modifying efficacy We

show that the rate of gA-mediated T1"-induced fluorescent quenching is largely (butylphenols)
or completely (propofol) insensitive to the presence of alkylphenols (Fig. 6). This behavior is
in marked contrast to the action of our positive control, capsaicin. As shown in Figure S5,
capsaicin elicits a concentration dependent acceleration of the fluorescence quench kinetics and
a marked enhancement of the extent of quenching achieved during the assay observation period
(modified from (Ingdlfsson and Andersen, 2010); note the difference in scaling of the ordinate

in both panels of this figure compared to those in the plots shown in Figure 6C &D).
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Figure S5. The behavior of a strongly bilayer-modifying agent on the gramicidin-based
fluorescence assay.

A. Time course of gA-mediated fluorescence quenching by TI". Data were normalized to the
fluorescence signal in the absence of gramicidin and TI". Gray dots denote results from all
repeats (n > 5 per condition); the black lines denote the average of all repeats. The presence or
absence of gA, TI" and varying concentrations of capsaicin (Cap) are indicated next to the
appropriate traces. Note, in the absence of gA, the time course of quenching in the absence or
presence of the highest concentration of capsaicin is essentially superimposed.

B. The initial 100 ms of representative fluorescence quench time courses. Here, the dots denote
results from a single repeat for each condition while the lines correspond to the fits of the
stretched exponential function. The stippled line is at 2 ms, the start time for the fit and the
time at which the quench rate is calculated.
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