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Pregabalin is thought to exert its therapeutic effect in neuropathic pain via binding to α2δ�1 subunits of
voltage-gated calcium (Ca2þ) channels. However, the exact analgesic mechanism after its binding to
α2δ�1 subunits remains largely unknown. Whether a clinical concentration of pregabalin (E10 μM)
can cause acute inhibition of dorsal horn neurons in the spinal cord is controversial. To address this issue,
we undertook intracellular Ca2þ-imaging studies using spinal cord slices with an intact attached L5
dorsal root, and examined if pregabalin acutely inhibits the primary afferent stimulation-evoked ex-
citation of dorsal horn neurons in normal rats and in rats with streptozotocin-induced painful diabetic
neuropathy. Under normal conditions, stimulation of a dorsal root evoked Ca2þ signals predominantly in
the superficial dorsal horn. Clinically relevant (10 μM) and a very high concentration of pregabalin
(100 μM) did not affect the intensity or spread of dorsal root stimulation-evoked Ca2þ signals, whereas
an extremely high dose of pregabalin (300 μM) slightly but significantly attenuated Ca2þ signals in
normal rats and in diabetic neuropathic (DN) rats. There was no difference between normal rats and DN
rats with regard to the extent of signal attenuation at all concentrations tested. These results suggest that
the activity of dorsal horn neurons in the spinal cord is not inhibited acutely by clinical doses of preg-
abalin under normal or DN conditions. It is very unlikely that an acute inhibitory action in the dorsal
horn is the main analgesic mechanism of pregabalin in neuropathic pain states.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Pregabalin and gabapentin are analgesic agents prescribed routi-
nely for neuropathic pain due to conditions such as diabetic neuro-
pathy, and post-herpetic neuralgia (Dworkin et al., 2003; Rice and
Maton, 2001; Rosenstock et al., 2004). The α2δ�1 subunit of vol-
tage-gated calcium (Ca2þ) channels (VGCCs) in the central nervous
system (CNS) is a high affinity-binding site for these gabapentinoids
(Bian et al., 2006; Field et al., 2006). This type of binding is con-
sidered to be a prerequisite for their therapeutic action (Field et al.,
2006). However, the exact analgesic mechanisms after binding of
gabapentinoids to α2δ�1 subunits are largely unknown. Classically,
it was thought that these compounds act acutely on VGCCs ex-
pressed at primary afferent terminals in the dorsal horn of the spinal
cord and reduce release of excitatory neurotransmitters, thereby
).
acutely inhibiting the excitability of dorsal horn neurons. Never-
theless, the cellular mechanisms underlying their mode of action are
incompletely understood because high-dose gabapentin (1 mM)
does not significantly affect the kinetics or function of Ca2þ channels
in dorsal root ganglionic neurons of adult rats (Dooley et al., 2007;
Hendrich et al., 2008). Several electrophysiological studies have re-
ported differing results with regard to the effects of pregabalin and
gabapentin on synaptic transmission in the dorsal horn. For example,
Moore et al. (2002) reported that gabapentin has no acute pre-
synaptic inhibitory effect on identified primary afferent Aδ- and
C-fiber terminals in adult rats. Other scholars have reported acute
presynaptic inhibitory effects in normal immature rats or young mice
(Matsuzawa et al., 2014; Shimoyama et al., 2000). Surprisingly, a
presynaptic inhibitory effect of gabapentin was reported to occur
under hyperalgesic conditions due to diabetic neuropathy, but not
under normal conditions (Patel et al., 2000). In addition to these
suggested acute effects, some convincing chronic actions of gaba-
pentinoids have been reported. To this end, gabapentin and prega-
balin can enter cells via the L-amino acid transporter system, and act
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intracellularly on components of the vesicular exocytotic process,
leading to inhibition of VGCC trafficking to primary afferent terminals
in the dorsal horn (Bauer et al., 2009; Hendrich et al., 2008). Fur-
thermore, gabapentinoids may inhibit abnormal excitatory synapto-
genesis after injury to peripheral nerves by binding to the α2δ�1
subunit, which is also a binding site of neuronal thrombospondin
secreted from astrocytes (Christopherson et al., 2005; Eroglu et al.,
2009). Thus, gabapentinoids seem to have various target sites for
their chronic action. More support for the chronic (rather than acute)
action of these compounds has been provided because typically it
takes at least several days for pregabalin to reveal its analgesic effect
in patients suffering neuropathic pain (Freeman et al., 2008; Stacey
et al., 2008), even though plasma and cerebrospinal fluid (CSF)
concentrations of pregabalin peak within a few hours after its oral
administration (Buvanendran et al., 2010). Collectively, these clinical
observations (together with the results of some basic research stu-
dies) argue against the acute inhibitory effects of pregabalin in the
dorsal horn of the spinal cord being its main analgesic mechanism.

Intracellular Ca2þ-imaging is widely used to monitor the action
potential activity in neuronal tissues (Grienberger and Konnerth,
2012; Mao et al., 2001). We have developed a Ca2þ-imaging
method to study gross neuronal activity in the spinal cord of adult
rats. Using this method, we examined whether pregabalin applied
at clinically relevant concentrations can acutely inhibit the extent
and spatiotemporal spread of excitation in the dorsal horn neurons
of normal rats, and of rats with painful diabetic neuropathy.
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Fig. 1. Effect of normal saline (NS) or streptozotocin (STZ, 60 mg/kg, i.p.) injection
on (A) blood glucose concentrations and (B) hind-paw withdrawal thresholds in
Wistar rats (n¼50 for both groups). (A) Diabetes mellitus was confirmed 3 days
after the injection of streptozotocin. (B) Hind-paw withdrawal thresholds were
reduced significantly in diabetic rats starting from the second week after injection.
****Po0.0001, compared with normal rats and the respective baseline. Data are the
mean7SD; Sidak's multiple comparisons test following repeated-measures two-
way ANOVA.
2. Results

2.1. Effect of streptozotocin injection on blood glucose and
nociceptive thresholds

In normal saline-injected rats (hereinafter referred to as “normal
rats”) (n ¼50), blood glucose remained unchanged throughout the
entire experimental period (Fig. 1A). Repeated-measures two-way
ANOVA for blood glucose concentrations revealed a significant main
effect of streptozotocin (F1,98¼1791, Po0.0001) as well as a sig-
nificant main effect of time after injection (F2,196¼825.4, Po0.0001).
Moreover, there was a significant interaction effect between treat-
ment and time after injection (F2,196¼865.1, Po0.0001). As shown in
Fig. 1A, post hoc analysis indicated that rats treated with a single
injection of streptozotocin (60 mg/kg i.p.) (n¼50) developed hy-
perglycemia that was evident on the third day after injection and
continued to the final experiment of spinal cord extraction and slice
preparation [(Po0.0001 versus normal rats, (degrees of freedom,
df¼294) and respective baseline (df¼196,), Sidak's multiple com-
parisons test following repeated-measures two-way ANOVA]. In ac-
cordance with a previous study (Malcangio and Tomlinson, 1998),
streptozotocin-injected diabetic rats showed a significant increase in
mechanical sensitivity, and thus hereinafter are referred to as “dia-
betic neuropathic” (DN) rats. Repeated-measures two-way ANOVA
for withdrawal thresholds revealed a significant main effect of
streptozotocin (F1,98¼590.8, Po0.0001) as well as a significant main
effect of time after injection (F4,392¼123, Po0.0001). Moreover,
there was a significant interaction effect between treatment and time
after injection (F4,392¼198.3, Po0.0001). As revealed by post hoc
analysis, differences in thresholds for paw withdrawal between DN
(n¼50) and normal (n¼50) rats became significant 2 weeks after
injection (Po0.0001, versus normal rats, Sidak's multiple compar-
isons test following repeated-measures two-way ANOVA, df¼490,
Fig. 1B), and this mechanical hypersensitivity continued throughout
the experimental period (Po0.0001, versus respective baseline, Si-
dak's multiple comparisons test following repeated-measures two-
way ANOVA, df¼392, Fig. 1B). Thus, compared with normal controls,
DN rats used for in vitro experiments as a model of painful
neuropathy displayed hyperglycemia and clear signs of
hypersensitivity.

2.2. Dorsal root stimulation-evoked A- and C-fiber-mediated Ca2þ

signals in the dorsal horn (intracellular Ca2þ-imaging)

Intensity and spread of neural excitation in the dorsal horn
were visualized using intracellular Ca2þ fluorescence signals.
Single electrical stimulation of the dorsal root at C-fiber intensity
evoked a biphasic change in optical signals mainly in the medial-
half of lamina II (SG) and lamina III. The initial phase was due to
the input via primary afferent A (Aδ)-fibers, and the next phase
(after a delay of 20–30 ms) was due to the input via A- and C-fi-
bers. Excitation started at the medial-third of SG and extended
laterally (to the middle-third of SG) and ventrally (to lamina III)
(Fig. 2, Video data). Most intense signals were observed in the
medial-third of SG, so this location was used for evaluation of the
effect of pregabalin on the intensity of neural excitation. Middle-
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Fig. 2. Representative Ca2þ-images (A–D) captured during optical recording and showing propagation of neuronal excitation in the dorsal horn of the spinal cord upon
stimulation of the dorsal root. Middle-third and medial-third of substantia gelatinosa (SG) and lamina III are indicated by small circles at the end of colored (black, red and
blue, respectively) lines. (A, B) Initially, Aδ-fiber-mediated excitation emerges in the medial-third of SG followed by C-fiber-mediated excitation (D). (D) Excitation extends
rapidly to the middle-third of SG and lamina III. Little excitation is observed in the lateral-third of SG.
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third of SG and lamina III were used mainly for evaluation of
spatiotemporal spread of the excitation. In the lateral-third of SG,
signal intensity was minimal, and neural excitation could not be
evaluated.

Next, we examined if repeated stimulation affected Ca2þ-
imaging. After the first imaging series, we undertook a second
imaging series of stimulation/optical recording with a 10-min in-
terval between series. Signal intensity in the second imaging series
(ΔF/F)2 was slightly less than that in the first series (ΔF/F)1
(1.6770.31% and 1.7970.31%, respectively, Po0.0001, paired t-
test, n¼12, df¼11, Fig. 3A, B, C). This phenomenon could have
been because: (i) the intracellular Ca2þ concentration was already
elevated by the initial series of stimulation (thereby making ΔF/F
more difficult to detect): (ii) of photobleaching of Rhod-2 with
time. Whatever the reason, raw data of dorsal root stimulation-
evoked fluorescence changes obtained during the first imaging
series (ΔF/F)1 (no drug application) could not be used as controls
for the fluorescence changes during the second (ΔF/F)2 (with drug
application). Therefore, to account for this reduction in fluorescent
signal intensity upon repeated stimulation, we evaluated the effect
of pregabalin on dorsal horn neuronal excitability using [(ΔF/F)%
first series], that is, the ratio of fluorescence changes of the second
series of stimulation/optical recording (ΔF/F)2 expressed as a
percentage of the fluorescence changes of the first (ΔF/F)1. Use of
(ΔF/F)%first series also allowed leveling off the differences in ΔF/F
values obtained from different slices that could be caused by slight
(but unavoidable) differences in their preparation, dye staining, or
illumination in each experiment. Therefore, to establish control
(pregabalin ¼0 μM) groups, the spinal cord slice preparations
were stimulated in two imaging series separated with a 10-min
rest interval while being superfused with Krebs’ solution without
pregabalin. An identical stimulation protocol was used to examine



Video data. Example recording of real-time spread of fluorescent Ca2þ-signals in
an adult rat spinal cord slice after stimulation of the attached dorsal root. Middle-
third and medial-third of substantia gelatinosa (SG) and lamina III are indicated by
small circles at the end of colored (black, red and blue, respectively) lines. Ca2þ-
images appear first in the medial-third of SG and then extend rapidly to the
middle-third of SG and to the lamina III. A video clip is available online.Supple-
mentary material related to this article can be found online at doi:10.1016/j.
brainres.2016.08.018.

First series ∆F

Second series

Fig. 3. (A, B) Effect of a repeated series of imaging on the change in fluorescence intens
intensity of fluorescence in each pixel (ΔF/F) were measured at three locations of the do
III). (C) Data from the medial-third of SG. Signals obtained in the second series of imaging
even in the absence of the inhibitory drug (n¼12). ****Po0.0001, paired t-test.
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the effect of pregabalin (Fig. 4B) with the only difference being
that, starting the 10-min interval between the series and
throughout the second series of stimulation/optical recording
(E10 min), the slices were superfused with Krebs’ solution con-
taining three pregabalin concentrations (10, 100, 300 μM).

As a final preparatory step before proceeding to testing the
effects of pregabalin and to confirm that our preparations of spinal
cord slices and selected protocol were sufficiently sensitive to
detect an inhibitory effect of a drug known to inhibit the excit-
ability of dorsal horn neurons, we tested the effect of oxycodone
applied to our preparations of spinal cord slices from normal rats
at 10 μM according to the protocol shown above. Oxycodone was
chosen because it is a commonly prescribed analgesic in patients
with painful diabetic neuropathy (Patil et al., 2015; Pesa et al.,
2013; Snedecor et al., 2014) which, because it is an opioid, can
reduce neuronal Ca2þ influx via various pathways (Al-Hasani and
Bruchas, 2011). As expected, oxycodone significantly attenuated
the ratio of fluorescence change in the medial-third of SG (a 49%
reduction in ΔF/F ratio compared with control, Po0.0001, un-
paired t-test, n¼12 and 10 for control and oxycodone groups, re-
spectively, df¼20, Fig. 5A, B, C). In the middle-third of SG and
lamina III of normal rats, the ratio of fluorescence change was also
attenuated significantly by oxycodone (Po0.0001, versus control,
unpaired t-test, df¼20, Fig. 5C). These results confirmed the po-
tential ability of our approach to detect an inhibitory effect of
pregabalin (if present) on the excitability of dorsal horn neurons.
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Fig. 4. Schematic drawing showing (A) a flowchart of the entire experimental procedure of Ca2þ-imaging and (B) a detailed flowchart of the Ca2þ-imaging procedure and
pregabalin (PGB) application.
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Fig. 5. Effect of oxycodone (OXY) on excitation of dorsal horn neurons in normal rats. (A) Representative Ca2þ images of the change in the fluorescence intensity (ΔF/F)
evoked by dorsal root stimulation and taken at a peak time point during perfusion of adult rat spinal cord slices with Krebs’ solution (oxycodone¼0 μM) or oxycodone
(10 μM). (B) Representative traces of ΔF/F recorded in the middle-third and medial-third of substantia gelatinosa (SG) and in lamina III. (C) Graphical representation of the
effect of oxycodone (10 μM) compared with Krebs’ solution (oxycodone¼0 μM) on the change in fluorescence intensity (ΔF/F)%first series recorded in the medial-third and
middle-third of substantia gelatinosa (SG) and in lamina III of the dorsal horn of normal rats. There is a significant difference (****Po0.0001) at all three locations between
the oxycodone 0 μM (n¼12) and oxycodone 10 μM (n¼10) groups. Data are the mean7SD; unpaired t-test.
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2.3. Pregabalin applied at a clinically relevant concentration does
not have an acute inhibitory effect on dorsal horn neuronal excit-
ability in normal rats or DN rats

According to studies in humans (Buvanendran et al., 2010) and
animals (Gustafsson and Sandin, 2009), if pregabalin is adminis-
tered at effective analgesic doses, its peak concentration in the CNS
B1
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Fig. 6. Effect of pregabalin (PGB) applied at 10 μM on excitation of dorsal horn neurons
images of the change in the fluorescence intensity (ΔF/F) evoked by dorsal root stimula
with Krebs’ solution (pregabalin¼0 μM) or pregabalin (10 μM). (A2, B2) Representative t
(SG) and in lamina III. (A3, B3) There is no significant difference in the medial-third of SG
and 9, for pregabalin 0 and 10 μM groups, respectively) or DN (P¼0.91, n¼12 and 10, for
mean7SD; unpaired t-test.
is o10 μM. Therefore, first we examined whether pregabalin
(10 μM) attenuates dorsal root-evoked excitation of dorsal horn
neurons under normal conditions and whether its effect becomes
more pronounced after the development of painful diabetic
neuropathy.

In the control group of normal rats that did not receive preg-
abalin (n¼12), the ratio of fluorescence change [(ΔF/F)% first series]
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in the medial-third of SG was 92.772.9%. In the pregabalin-
treated group of normal rats (n¼9), bath application of prega-
balin (10 μM) for E20 min did not affect the ratio of fluores-
cence change [(ΔF/F)%first series¼92.372.5%; P¼0.72, versus
control, unpaired t-test, df¼19, Fig. 6A]. In the middle-third of
SG and lamina III of normal rats, the ratio of fluorescence change
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Fig. 7. Effect of pregabalin (PGB) applied at 100 μM on excitation of dorsal horn neurons
images of the change in fluorescence intensity (ΔF/F) evoked by dorsal root stimulation
Krebs’ solution (pregabalin¼0 μM) or pregabalin (100 μM). (A2, B2) Representative traces
and in lamina III. (A3, B3) There is no significant difference in the medial-third of SG betw
and 9, for pregabalin 0 and 100 μM groups, respectively) or DN (P¼0.85, n¼12 and 9, for
mean7SD; unpaired t-test.
was also not affected significantly (P¼0.82 and P¼0.35, versus
control, unpaired t-test, for the middle-third and lamina III,
respectively; df¼19 and 19, n¼12 and 9 for control and preg-
abalin 10 μM group, respectively). In the control group
(pregabalin¼0 μM) of DN rats (n¼12), the ratio of fluorescence
change in the medial-third of SG was 93.373.0%. Similar to
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normal rats, pregabalin application (10 μM) also did not affect
the ratio of fluorescence change in DN rats (n¼10) [(ΔF/F)%first
series¼93.473.7%; P¼0.91, versus control, unpaired t-test, df
¼20, Fig. 6B]. In the middle-third of SG and lamina III of DN rats,
the ratio of fluorescence change was also not affected sig-
nificantly by pregabalin (P¼0.40 and P¼0.96, versus control,
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Fig. 8. Effect of pregabalin (PGB) applied at 300 μM on excitation of dorsal horn neurons
images of the change in fluorescence intensity (ΔF/F) evoked by dorsal root stimulation
Krebs’ solution (pregabalin 0 μM) or pregabalin (300 μM). (A2, B2) Representative traces
and in lamina III. (A3, B3) There is a significant difference in the medial-third of SG betwe
n¼12 and 15, for pregabalin 0 and 300 μM groups, respectively) and DN (****Po0.0001
mean7SD; unpaired t-test.
unpaired t-test, for the middle-third and lamina III, respectively;
df¼20 and 20, n¼12 and 10 for control and pregabalin 10 μM
group, respectively). Thus, pregabalin applied at a clinically re-
levant concentration did not affect the intensity or spread of
dorsal root stimulation-evoked excitation of dorsal horn neu-
rons in normal rats or DN rats.
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2.4. Pregabalin applied at a very high concentration does not have
an acute inhibitory effect on dorsal horn neuronal excitability in
normal rats or DN rats

An electrophysiological study (Matsuzawa et al., 2014) in spinal
cord slices of young mice reported that 100 μM pregabalin slightly
inhibits excitatory synaptic transmission in the dorsal horn.
Therefore, we tested the effect of pregabalin at 100 μM, which is
more than tenfold higher than the reported range of its ther-
apeutic concentration in CSF (Buvanendran et al., 2010). In normal
rats (n¼9), bath application of pregabalin (100 μM) for E20 min
did not affect the ratio of fluorescence change in the medial-third
of SG [(ΔF/F)%first series¼93.171.8%, P¼0.73, versus control, un-
paired t-test, df¼19, Fig. 7A]. In the middle-third of SG and lamina
III of normal rats, the ratio of fluorescence change was also not
affected significantly (P¼0.78 and P¼0.70, versus control, un-
paired t-test, for the middle-third and lamina III, respectively;
df¼19 and 19, n¼12 and 9 for control and pregabalin 100 μM
group, respectively). Similarly, in DN rats (n¼9), pregabalin
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Fig. 9. Graphical representation of the effect of pregabalin (PGB) administered to adult ra
(0 μM) on the change in fluorescence intensity (ΔF/F)%first series recorded in the medial-th
dorsal horn of normal rats (n¼12, 9, 9 and 15 for pregabalin 0, 10, 100 and 300 μM groups
0, 10, 100 and 300 μM groups, respectively). Data are the mean7SD. ****Po0.0001 comp
dorsal horn, Holm–Sidak's multiple comparisons test following two-way ANOVA. Extent
rats is not significantly different (P¼0.77, 0.88, and 0.81 in the medial-third, middle-third
way ANOVA).
(100 μM) had no effect on the ratio of fluorescence change in the
medial-third of SG [(ΔF/F)%first series¼93.073.2%, P¼0.85, versus
control, unpaired t-test, df¼19, Fig. 7B]. In the middle-third of SG
and lamina III of DN rats, the ratio of fluorescence change was also
not affected significantly (P¼0.61 and P ¼0.20, versus control,
unpaired t-test, for the middle-third and lamina III, respectively;
df¼19 and 19, n¼12 and 9 for control and pregabalin 100 μM
group, respectively). Thus, pregabalin at a very high concentration
did not affect dorsal root stimulation-evoked excitation of dorsal
horn neurons, and the effect of pregabalin was not augmented in a
model of diabetic neuropathic pain in rats.

2.5. Pregabalin applied at an extremely high concentration inhibits
dorsal horn neuronal excitability slightly in normal rats and DN rats

We tested the effect of an extremely high concentration of
pregabalin (300 μM), which cannot be reached in clinical situations.
In normal rats (n¼15), pregabalin (300 μM) slightly (but sig-
nificantly) attenuated the ratio of fluorescence change in the medial-
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t spinal cord slices at three concentrations (10, 100, 300 μM) compared with control
ird (A) and middle-third (B) of substantia gelatinosa (SG) and in lamina III (C) of the
, respectively) and diabetic neuropathic (DN) rats (n¼12, 10, 9 and 10 for pregabalin
ared with pregabalin 0 μM groups in normal and DN rats at all three locations of the
of inhibition of neuronal excitation by 300 μM pregabalin between normal and DN
and lamina III, respectively, Holm–Sidak's multiple comparisons test following two-
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third of SG [(ΔF/F)%first series¼76.374.3%, Po0.0001, versus control
unpaired t-test, df¼25, Fig. 8A]. In the middle-third of SG and lamina
III of normal rats, the ratio of fluorescence change was also atte-
nuated significantly (Po0.0001, versus respective controls for the
middle-third and lamina III, unpaired t-test, df¼25 and 25, n¼12
and 15 for control and pregabalin 300 μM group, respectively). Si-
milarly, in DN rats (n¼10), pregabalin (300 μM) attenuated the ratio
of fluorescence change in the medial-third of SG significantly [(ΔF/
F)%first series¼74.873.9%, Po0.0001, versus control, unpaired t-test,
df¼20, Fig. 8B]. In the middle-third of SG and lamina III of DN rats,
the ratio of fluorescence change was also attenuated significantly
(Po0.0001, versus respective controls, unpaired t-test, for the mid-
dle-third and lamina III, df¼20 and 20, n¼12 and 10 for control and
pregabalin 300 μM group, respectively). Finally, as shown in Fig. 9,
two-way ANOVA for ratios of change in fluorescence at three re-
presentative locations of the dorsal horn: (i) revealed no significant
differences between normal and DN rats for the extent of inhibition
of dorsal horn neuronal excitation; (ii) confirmed the dose-depen-
dence of the inhibitory effect of pregabalin (medial-third of SG: main
effect of streptozotocin injection F1,78¼0.0002515, P¼0.9874; main
effect of pregabalin concentration F3,78¼151.2, Po0.0001; interac-
tion F3,78¼0.7231, P¼0.5412, Fig. 9A; middle-third of SG: main effect
of streptozotocin injection F1,78¼0.3886, P¼0.5349; main effect of
pregabalin concentration F3,78¼71.52, Po0.0001; interaction
F3,78¼0.7713, P¼0.5135, Fig. 9B; lamina III: main effect of strepto-
zotocin injection F1,78¼0.03528, P¼0.8515; main effect of pregabalin
concentration F3,78¼55.47, Po0.0001; interaction F3,78¼0.721,
P¼0.5425, Fig. 9C). Thus, an extremely high concentration of preg-
abalin (300 μM) attenuated the intensity and spread of neural ex-
citation in the dorsal horn in normal and DN rats, whereas the extent
of this attenuation between the two groups was not different.
3. Discussion

3.1. Clinically relevant concentration of pregabalin

Our results on the effect of pregabalin on the neuronal excit-
ability in the dorsal horn of the spinal cord must be interpreted in
the context of its clinically relevant concentrations. In humans, if
the maximum recommended single oral dose of 300 mg of preg-
abalin (as a part of a 600 mg/day, BID regimen) is administered, it
is absorbed rapidly and pregabalin concentration in plasma
reaches a maximum (6.4771.71 mg/mL or E40 μM) in 1 h (Bu-
vanendran et al., 2010). Of particular interest, pregabalin con-
centration in CSF reaches a maximum (0.4170.08 μg/mL or
E2.569 μM) within 8 h (Buvanendran et al., 2010). Brockbrader
et al. (2010b) confirmed that the pregabalin concentration in CSF is
not the same as that in plasma but is, in fact, lower (by E1–30%).
In the steady state reached after repeated administration of a
maximum daily dose of pregabalin (600 mg), its peak concentra-
tion in plasma has been reported to be 2.8–8.2 mg/L (17–51 μM)
(Berry and Millington, 2005) suggesting that, even with repeated
administration, peak plasma and CSF concentrations of pregabalin
are almost unchanged (Bockbrader et al., 2010a).

When pregabalin treatment results in a 60% reduction of the
symptoms of cold allodynia in rats with spared nerve injury,
pregabalin concentrations have been reported to be 15.673.5 μM
in plasma and 2.170.14 μM in the brain (Gustafsson and Sandin,
2009), which are almost identical to those in humans (Buvanen-
dran et al., 2010). Reports showing that gabapentinoids can ac-
cumulate gradually in the CNS are lacking, though gabapentin can
accumulate in the pancreas and kidneys in rats (Vollmer et al.,
1986). Thus, the therapeutic concentration of pregabalin in the
spinal cord is likely to be almost identical (o2–3 μM) in humans
and rats. Given that most patients with neuropathic pain are
prescribed pregabalin at 150–300 mg per day (Toelle et al., 2012),
which is r50% of its maximum daily dose (600 mg), the actual
CSF concentrations of pregabalin in these patients should be even
lower. Therefore, among the three concentrations of pregabalin
used in the present study, 10 μM of pregabalin lies at the upper
end (or slightly higher) of its clinically relevant concentration
range, whereas 100 and 300 μM of pregabalin are much higher
than its clinically achievable concentrations in the spinal cord.

3.2. Absence of an acute inhibitory effect of a clinically relevant
concentration of pregabalin on dorsal horn neuronal excitability in
normal rats and DN rats

Gabapentinoids administered via the spine have been reported
to induce acute behavioral antinociception in rats with neuro-
pathic pain or inflammatory pain (Jun and Yaksh, 1998; Kaneko
et al., 2000; Lim et al., 2013; Shimoyama et al., 1997). However,
their exact spinal concentrations have not been measured and
most probably are in the millimolar range, thus leaving the pos-
sibility of some indirect effects not involving Ca2þ channels or
even of a supraspinally-mediated effect.

Furthermore, although pregabalin and gabapentin applied
acutely to spinal cord slices have been reported to inhibit ex-
citatory synaptic transmission in the dorsal horn of the spinal cord,
those studies used immature animals and were carried out at
room temperature, which is non-physiologic (Bayer et al., 2004;
Matsuzawa et al., 2014; Shimoyama et al., 2000). A recent in vivo
study reported that spinal topical application of pregabalin in-
hibits excitation of a wide range of dorsal horn neurons, but the
pregabalin concentration at which it was applied was in the mil-
limolar range (Ding et al., 2014). Nevertheless, despite the lack of
clear and reliable evidence, it is widely accepted that gabapenti-
noids exert their analgesic effect by inhibiting dorsal horn neu-
ronal excitation acutely.

In the present study (which was designed carefully to over-
come the shortcomings of reports published previously), we de-
monstrated that in normal adult rats pregabalin applied acutely at
a clinically relevant (10 μM) or at a very high (100 μM) con-
centration had no effect on dorsal horn neuronal excitability,
whereas an extremely high concentration of pregabalin (300 μM)
could attenuate (albeit only slightly) the intensity and spread of
dorsal root stimulation-evoked excitation in the dorsal horn. Re-
sults of acute application of identical concentrations of pregabalin
to the spinal cord slices obtained from DN rats were not different
from those in normal rats.

Much greater Ca2þ signals in the spinal cord slice preparations
from DN rats would be expected because of their increased neu-
ronal excitability, but this was not the case: normal and DN rats
showed similar increases in peak fluorescence intensities upon
dorsal root stimulation. We consider this observation to be a true
observation (and not a result of a shortcoming of our methodol-
ogy) because it is supported by the results of previous fluorometric
measurements of intracellular Ca2þ concentrations in dorsal horn
neurons of normal and diabetic rats that reported similar depo-
larization-induced peak amplitudes and rates of rise of in-
tracellular Ca2þ , whereas other parameters of intracellular Ca2þ

homeostasis appeared to change after development of streptozo-
tocin-induced diabetes (Kostyuk et al., 2001; Shutov et al., 2006;
Voitenko et al., 1999, 2000).

In our preparations, changes in fluorescence intensity relative to
the initial intensity of fluorescence in each pixel (ΔF/F) was 1–2%, and
it may be argued that this could be insufficient to detect any inhibitory
effect. In this regard, it must be stressed that our study is the first one
to evaluate gross neuronal activity in the spinal cord dorsal horn of
adult rats using attached dorsal root stimulation and Ca2þ-imaging,
meaning that no direct comparisons can be made. Also, whereas some
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Ca2þ-imaging studies have reported much greater increases in ΔF/F
values (Z10%), those studies (with one exception where Ca2þ signals
from single spinal cord neurons from chick embryos and neonatal
mice were evaluated (O'Donovan et al., 2005)) were carried out on
brain preparations (Grienberger and Konnerth, 2012), which could
provide much stronger Ca2þ signals. Simultaneously, a closely related
study that used voltage imaging to evaluate fluorescence changes in
preparations of spinal cord slices from juvenile rats (Aoyama et al.,
2011), reported increases in ΔF/F values of much smaller magnitude
(o0.1%). Finally, the fact that we could demonstrate a robust in-
hibitory effect of oxycodone is in conflict with the idea that the ab-
sence of an acute inhibitory effect of a clinically relevant concentration
of pregabalin was due to insufficient sensitivity of our preparation to
the action of the drug. Oxycodone was selected as a relevant positive
control because: (i) it can interfere with Ca2þ currents (Al-Hasani and
Bruchas, 2011); (ii) it is used frequently in patients with painful dia-
betic neuropathy (Patil et al., 2015; Pesa et al., 2013; Snedecor et al.,
2014) and can enhance the effects of gabapentin therapy in these
patients (Hanna et al., 2008); (iii) its concentration of 10 μM corres-
ponds to its peak CSF levels observed in patients after a single-dose
epidural administration of oxycodone (0.1 mg/kg) (Kokki et al., 2014).
Epidural administration is not a common route for oxycodone. How-
ever, oxycodone concentrations in CSF after epidural administration
show better analgesic efficiency (with no serious or unexpected side
effects) compared with the E0.1 μM concentration observed in CSF
after intravenous administration of the same 0.1 mg/kg dose of oxy-
codone, which has poor analgesic efficiency and thus necessitates
multiple administrations of rescue fentanyl (Kokki et al., 2014).
Therefore, we believe that 10 μM oxycodone can be the positive con-
trol, whereas selection of lower concentrations of oxycodone would be
inappropriate.

Effects of a broad range of gabapentinoid concentrations on sy-
naptic transmission have been reported (Dooley et al., 2007). Most of
those studies stated that these compounds inhibit neurotransmitter
release from presynaptic terminals but this inhibitionwas, in general,
weak (reduction of o20–30% from control values) even when ex-
tremely high concentrations (r1 mM) were applied (Di Guilmi et al.,
2011; Dooley et al., 2007; Matsuzawa et al., 2014). For example, one
study reported that the half-maximal inhibitory concentration of
pregabalin is 161 μM, and that lower concentrations of pregabalin
(10, 100 μM) does not produce significant effects on synaptic trans-
mission in the trapezoid body of neonatal mice (Di Guilmi et al.,
2011). Another study reported that pregabalin (1 mM) does not affect
capsaicin-evoked excitatory postsynaptic currents in a rat dorsal root
ganglion and dorsal horn neurons co-culture system (Hendrich et al.,
2012). Taken together, we suggest that although pregabalin applied
acutely may inhibit synaptic transmission under normal conditions,
this inhibition is observed only at extremely high concentrations,
which are unlikely to be reached in clinical settings. Also, unlike
opioids, pregabalin has no acute analgesic effects on neuropathic or
physiologic nociceptive pain in humans. Usually, it takes several days
for the onset of the therapeutic effect of pregabalin in patients suf-
fering neuropathic pain (Freeman et al., 2008; Stacey et al., 2008),
even though plasma and CSF concentrations of pregabalin reach a
peak within a few hours after its oral intake (Buvanendran et al.,
2010). Together with those clinical observations, our results strongly
suggest that the acute inhibitory effect of pregabalin on dorsal horn
neurons cannot be the mechanism underlying its analgesic action.

3.3. Absence of enhancement of an acute inhibitory effect of clinically
relevant and higher concentrations of pregabalin on dorsal horn
neuronal excitability in DN rats

One study reported that gabapentin (100 μM) did not affect
excitatory synaptic transmission in the spinal dorsal horn of adult
rats under normal conditions, but dramatically inhibits (or almost
abolishes) primary afferent-evoked monosynaptic excitatory
postsynaptic currents in streptozotocin-injected rats with painful
diabetic neuropathy (Patel et al., 2000). If, under neuropathic pain
conditions, glutamate release from primary afferent terminals
does indeed become more susceptible to the inhibitory action of
gabapentinoids, as has been hypothesized (Dooley et al., 2007;
Patel et al., 2000), dorsal horn neuronal excitation should be in-
hibited to a greater extent in DN rats.

To this end, we tested if pregabalin (a more potent gabapenti-
noid) works in a similar manner, but failed to replicate the results
shown above. In our study, pregabalin effects in DN rats were
identical to those in normal rats used as controls at all three
concentrations tested (Fig. 9). In DN rats, pregabalin applied at a
clinically relevant concentration (10 μM) or at a very high con-
centration (100 μM) did not affect the intensity or spread of dorsal
root-evoked excitation of dorsal horn neurons. Pregabalin applied
to the spinal cord slices obtained from DN rats at an extremely
high concentration of 300 μM attenuated excitation in the dorsal
horn slightly, but the extent of attenuation was similar to that
observed in the normal rat group. Parenthetically, we began the
present study with preliminary Ca2þ-imaging experiments testing
the effect of gabapentin (100 μM) in DN rats. However, we could
not document any inhibitory effect of this gabapentinoid on dorsal
root stimulation-evoked Ca2þ signals (data not shown).

Thus, present findings are different from those of previous re-
ports. There is no plausible explanation for this difference.
Nevertheless, our results strongly suggest that the analgesic effect
of pregabalin in diabetic patients with neuropathic pain may not
be due to the acute inhibitory action of pregabalin on neuronal
activity in the spinal cord. Further research is required, but the
hypothesis stating that gabapentinoids inhibit synaptic transmis-
sion in the spinal cord acutely only after development of a hy-
persensitized state is, at the very least, questionable.

3.4. Conclusion

We used Ca2þ-imaging to examine the acute action of prega-
balin in the dorsal horn of the spinal cord of rats, but could not
demonstrate a significant inhibitory effect of pregabalin on neu-
ronal excitation when this drug was applied at clinically relevant
(10 μM) or very high (100 μM) concentrations in normal rats and
DN rats. When pregabalin was applied at an extremely high con-
centration (300 μM), it showed a slight acute inhibitory effect on
neuronal excitation in the dorsal horn, the extent of which was
similar in normal rats and DN rats. However, the latter finding
lacks practical significance because such concentrations are never
achieved in clinical settings. Viewed from the perspective of pre-
vious studies, our results emphasize the need for further research
into the mechanisms of the analgesic action of gabapentinoids.
4. Experimental procedure

4.1. Animals

The study protocol was approved by the Animal Use and Care
Committee of Niigata University (Niigata, Japan; approval number:
25–8). Experiments were carried out in adult male Wistar rats (5–
14 weeks; 200–500 g; Charles River Laboratories, Tokyo, Japan).
Care and use of animals was in accordance with guidelines set by
the International Association for the Study of Pain. Animals were
housed in cages (2–3 rats per cage) under a standard 12-h light–
dark cycle with food and water available ad libitum. Room tem-
perature was maintained at 24–26 °C. All efforts were made to
minimize animal suffering and to reduce the number of animals
used.
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4.2. Induction of diabetes mellitus (DM) by streptozotocin and
glucosometry

At the age of 5 weeks, DM was induced in rats by injection of
streptozotocin (60 mg/kg body weight, i.p.) under isoflurane an-
esthesia. Control animals received a similar injection of normal
saline. Glucose levels in whole blood were measured by a blood
glucometer (One Touch UltraVue; Johnson & Johnson, Tokyo, Ja-
pan) after puncture of the tail vein. Hyperglycemia was verified
3 days after streptozotocin injection, with whole-blood glucose
levels 415 mmol/L indicating DM development (normal glucose
range: 5–8 mmol/L) (Calcutt et al., 1996; Malcangio and Tomlinson,
1998) (Fig. 1A). Rats that did not meet this criterion were excluded
from the study. Insulin therapy was not provided. Blood glucose
was measured again 4–8 weeks after injection of streptozotocin or
normal saline, just before extraction of the spinal cord, to confirm
persistence of hyperglycemia or a normal glycemic range in rats
injected with streptozotocin or normal saline, respectively.

4.3. Confirmation of painful neuropathy by behavioral testing

DM induction by streptozotocin in rats reliably produces a
condition similar to the clinical form of DM with severe painful
SG

2 mm
Medial-third of SG

Middle-third of SG

Lamina III

Fig. 10. Photographs of a preparation of adult rat spinal cord slices used for intracellular
root. (B) A spinal cord slice placed on a nylon mesh after staining with Rhod-2. The subst
the superficial dorsal horn (outlined by a dotted line). (C) Schematic drawing of the dor
lamina III used for signal acquisition during optical recording. (D) A spinal cord slice pr
prevent movement. Fluorescence changes caused by elevation of intracellular Ca2þ in do
dotted line). The dorsal left L5 root stimulated by a suction electrode made of a glass tu
peripheral neuropathy. Neuropathic symptoms include hyper-
algesia to mechanical and chemical stimuli and mechanical allo-
dynia (Calcutt et al., 1996; Malcangio and Tomlinson, 1998). To
exclude rats not suffering from a painful neuropathic disorder, the
mechanical withdrawal threshold was evaluated by an automated
testing device (Dynamic Plantar Aesthesiometer 37450; Ugo Basile,
Varese, Italy) (Fig. 1B). In brief, rats were placed into the test
chamber mounted on a metal mesh table and allowed to accli-
matize to the new environment for 20–30 min. Mechanical stimuli
were delivered to the plantar surface of both hind-paws from
below the floor of the test chamber. A steel rod (diameter, 0.5 mm)
was pushed against the hind-paw and force increased gradually
from 0 g to 50 g over 20 s. When the rat withdrew briskly, shook
or licked its hind-paw, mechanical stimulation was stopped au-
tomatically and the force at which the nociceptive response was
observed recorded to the nearest 0.1 g. Withdrawal responses
were taken from five consecutive applications of a stimulus to
each hind-paw (total: 10 trials) with Z60 s between trials, and a
mean value calculated.

4.4. Adult rat spinal cord slice preparation

The method for obtaining adult rat spinal cord slices with the
2 mm

Suc�on electrode

Ca2þ-imaging. (A) Lateral view of a spinal cord slice with the attached left L5 dorsal
antia gelatinosa (SG) is clearly discernible as a relatively densely stained band across
sal horn of the spinal cord with indicated medial-third and middle-third of SG and
essed gently by an electron-microscopy grid attached to a silver wire loop used to
rsal horn neurons were analyzed within a square window of the grid (indicated by a
be with the anode inside and cathode silver wire outside.
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attached dorsal root has been described in detail previously (Baba
et al., 1999). In brief, a dorsal laminectomy was undertaken in rats
terminally anesthetized with urethane (1.5–2.0 g/kg, i.p.) and a
lumbosacral segment of the spinal cord extracted. A transverse
slice (thickness, 650–700 mm; Fig. 10A, B) was cut sparing the left
L5 dorsal root (15–20 mm) on a vibrating tissue slicer (Linear-
Slicer™ PRO 7; Dosaka, Kyoto, Japan). Preservation of a long dorsal
root was necessary to avoid direct stimulation of dorsal horn
neurons or entry zone fibers (Fig. 10D). Then, the slice was placed
into the recovery chamber (volume, 0.7 mL) and, before staining
with a Ca2þ-sensitive dye, was superfused in this chamber with
Krebs’ solution (15 mL/min) equilibrated with a mixture of 95% O2

and 5% CO2 at 25 °C for 60 min (Fig. 4A). Composition of Krebs’
solution was (in mM): NaCl, 117; KCl, 3.6; CaCl2, 2.5; MgCl2, 1.2;
NaH2PO4, 1.2, NaHCO3, 25 and D-glucose, 11.

4.5. Intracellular Ca2þ-imaging

Slice preparations for optical recording were stained with a Ca2þ-
sensitive dye (Rhod-2). For this purpose, they were immersed in a
dye-containing Krebs’ solution (0.3 mg/4 mL) that was bubbled with
a gas mixture (95% O2 and 5% CO2) for 90 min at room temperature
(20–25 °C, Fig. 4A). Then, a single, Rhod-2-loaded slice was trans-
ferred to the recording chamber and superfused with Krebs’ solution
(15–20 mL/min) equilibrated with a mixture of 95% O2 and 5% CO2 at
36–37 °C. The slices were allowed to stabilize for Z30 min (Fig. 4A).
Then, optical recording was conducted to obtain the first imaging
series (see Section 2.2). Depolarizing activity in the dorsal horn was
evoked by a single-pulse stimulus (1.0 mA, 0.5 ms) administered to
the dorsal root via a suction electrode (Fig. 10D). A- and C-fibers are
activated at this intensity of stimulation (Baba et al., 1999). For re-
cording and analyses, an optical recording system (MiCAM02;
BrainVision, Tokyo, Japan) was used. Change in fluorescence intensity
relative to the initial intensity of fluorescence in each pixel (ΔF/F)
was recorded at one frame/1.2 ms. In one Ca2þ-imaging series, sti-
mulation/recording was repeated 32 times at 20-s intervals, and
signals were averaged to produce a series of Ca2þ images. Optical
signals obtained at three representative locations of the dorsal horn
(medial-third and middle-third of substantia gelatinosa (SG) and la-
mina III, Fig. 10C) were analyzed separately (see Section 2 and Video
data). Peak ΔF/F values were used to evaluate pregabalin effects.

4.6. Drugs

Pregabalin and streptozotocin were purchased from Sigma–
Aldrich (Saint Louis, MO, USA). Oxycodone hydrochloride was
purchased from Shionogi & Co., Ltd. (Osaka, Japan). Rhod-2 AM
was obtained from AnaSpec (Fremont, CA, USA). Stock solutions
were prepared by diluting pregabalin and oxycodone in distilled
water, and Rhod-2 AM in dimethyl sulfoxide (Wako Pure Chemical
Industries, Osaka, Japan), and storing them at �20 °C. Streptozo-
tocin was dissolved in normal saline just before intraperitoneal
injection. Pregabalin was applied by exchanging a perfusion Krebs’
solution with a Krebs’ solution containing a known drug con-
centration without altering the perfusion rate or temperature.

4.7. Statistical analyses

Data are the mean7SD. Statistical analyses were conducted
using repeated-measures two-way ANOVA followed by Sidak's
post hoc multiple comparisons tests for analyses of blood glucose
and behavioral tests, and the paired/unpaired t-test or regular
two-way ANOVA followed by Holm–Sidak's post hoc multiple
comparisons tests for Ca2þ-imaging data. Po0.05 was considered
significant. GraphPad Prism 6 (GraphPad, San Diego, CA, USA) was
used for statistical calculations.
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