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Fig. 4. Effects of cAMP/PKA inhibitors on the antidepressants-induced I1.-6 suppression. 6-3 microglial cells were pre-incubated for 20 min with $SQ 22536 (10 uM)
or Rp-3',5-cAMPS (10 uM) before the addition of imipramine (50 uM) (A), fluvoxamine (50 uM) (B) or reboxetine (50 uM) (C). After 24 h of the pretreatment with
antidepressants, the cells were stimulated by 100 U/ml of IFN-y. After 24 h, the media collected were assayed for [L-6 accumulation using ELISA. Values are the
means+SEM of 3-6 samples and expressed as percentage control, where 100% is the value obtained from IFN-y alone. *p<0.05, ***p<0.000), compared with
imipramine (A}, fluvoxamine (B) or reboxetine (C). Comparisons were made with ANOVA followed by the Fisher’s PLSD. SQ. SQ 22536; Rp, Rp-3’,5'-cAMPS.

significantly those antidepressants-induced suppression of IL-6.
In the case of reboxetine, the effect reached significance for SQ
22536 but only a non-significant trend was observed for Rp-
3',5'-cAMPS (Fig. 4C, p=0.0558).

Effects of cAMP/PKA inhibitors on the
antidepressants-induced NO suppression

Finally, we investigated the effects of SQ 22536 and Rp-
3',5'-cAMPS on antidepressant or lithium chloride-induced NO

suppression. We observed that 10 pM of SQ 22536 alone did
not affect significantly the [FN-y-induced microglial NO pro-
duction, whereas 10 uM of Rp-3/,5'-cAMPS alone decreased
significantly the IFN-vy-induced microglial NO production to
83.1+2.1% (data not shown).

Fig. 5 shows that both SQ 22536 and Rp-3’,5/-cAMPS at a
dose of 10 uM significantly reversed the inhibitory effects of
antidepressants on the 1FN-y-induced increase of microglial
NO production. The effect is shown for imipramine (Fig. 5A),
fluvoxamine (Fig. 5SB) and reboxetine (Fig. 5C) tested at a dose
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Fig. 5. Effects of cAMP/PK A inhibitors on the antidepressants-induced NO suppression. 6-3 microglial cells were pre-incubated for 20 min with SQ 22536 (10 uM) or
Rp-3',5'-cAMPS (10 uM) before the addition of imipramine (50 uM) (A), fluvoxamine (50 M) (B), reboxetine (50 uM) (C) or lithium chloride (1 mM) (D). After
24 h of the pretreatment with antidepressants or lithium chloride, the cells were stimulated by 100 U/ml of IFN-vy. After 48 h, the media collected were assayed for NO
accumulation using Griess reaction. Values are the means+SEM of 3-6 samples and expressed as percentage control, where 100% is the value obtained from IFN-y
alone. *p<0.05, **p<0.01, ***,<(.0001, compared with imipramine (A), fluvoxamine {B), reboxetine (C) or lithium chloride (D). Comparisons were made with
ANOVA followed by the Fisher’s PLSD. N.S., no significance; SQ, SQ 22536; Rp, Rp-3/,5’-cAMPS.

of 50 uM. In contrast, SQ 22536 and Rp-3/,5'-cAMPS did not  tion of inflammatory mediators such as IL-6 and NO. Second,

reverse the lithium chloride-induced NO suppression (Fig. 5D).  these inhibitions were reversed significantly by either a cAMP

inhibitor (SQ 22536) or a PKA inhibitor (Rp-3’,5'-cAMPS).

Discussion Third, lithium chloride enhanced the [FN-vy-induced microglial

production of 1L-6, while it inhibited the production of NO.

Our study had four major findings. First, various types of  Fourth, the lithium chloride-induced NO suppression was not
antidepressants inhibited the IFN-v-induced microglial produc-  reversed by either SQ 22536 or Rp-3',5'-cCAMPS.
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In line with the recent ex vivo/in vitro studies demonstrating
the immunosuppressive effects of antidepressants (Kubera et
al., 2001; Maes et al., 1999, 2005; Obuchowicz et al., 2006;
Szuster-Ciesiclska et al., 2003; Xia et al., 1996), the present
study has shown that various types of antidepressants inhibit
the [FN-y-induced microglial production of both 1L-6 and NO.
The detailed mechanism by which antidepressants inhibit the
production of pro-inflammatory mediators by immune cells,
including microglia, still remains to be elucidated. However,
several ex vivo/in vitro studies have suggested that elevated
intracellular cAMP concentrations, induced by treatment with
antidepressants (Xia et al., 1996), contribute to the immuno-
suppressive effects of antidepressants (Kubera et al., 2001;
Maes et al., 2005). Consistent with these studies, our results
have demonstrated that SQ 22536 and Rp-3’,5'-cAMPS
reverse significantly the antidepressant-induced inhibition of
microglial 1L-6 and NO production. The only exception was
that the effect of Rp-3’,5'-cAMPS did not reach significance
for reboxetine at the concentrations used (p=0.0558). These
results suggest that the inhibitory effects of antidepressants on
[FN-vy-activated microglia are, at least partially, mediated by
the cAMP-dependent PKA pathway. Indeed, in a number of
cell types, the activation of cAMP/PKA pathway has been
shown to inhibit the transcription factor nuclear factor-xB
(Delfino and Walker, 1999), whose activation is known to
induce the gene expression of inducible NO synthase and
various pro-inflammatory cytokines, including IL-6 (Yoshi-
mura, 2006).

A number of in vive studies have suggested that many
antidepressants increase intracellular levels of cAMP through
activation of monoamine receptors such as the receptors for
serotonin (5-HT), noradrenaline (NA) (Duman, 1998; Malberg
and Blendy, 2005) and dopamine (Brustolim et al., 2006).
Explicitly, the majority of antidepressants increase synaptic
levels of 5-HT and NA through inhibiting reuptake by their
transporters on presynaptic ncurons, and thus cause the
activation of their receptors coupled to G-proteins that can
regulate the cAMP system. Through G-protein activation of
adenylate cyclase (i.e., through the activation of S-HT or NA
receptor subtypes positively coupled to adenylate cyclase),
c¢AMP production is increased. Our in vitro study suggests that
antidepressants may have an action on microglia independently
of such receptors. They may act in a monoamine receptor-
independent manner. Alternatively, they may act on interferon-
v receptors or other unidentified surface receptors that are
linked to G proteins. We also cannot rule out direct effects of
antidepressants on G proteins.

There are also reports of pro-inflammatory effects of
antidepressants, suggesting an opposite mechanism of action
to our study. Specifically, it has been shown that imipramine
enhances IL-6 production in human whole blood stimulated
with phytohemagglutinin/LPS (Kubera et al., 2004) and that
fluoxetine increases the IL-6, NO and TNF-a production when
applied to unstimulated BV2 murine microglial cells (Ha et al.,
2006). The effects of antidepressants on the production of pro-
inflammatory mediators may therefore depend on the type of G
proteins stimulated.

Another possible target of antidepressants in microglia is the
phosphodiesterase (PDE) that degrades cAMP. Recently, PDE
genes have been shown to be associated with a susceptibility to
major depression and antidepressant treatment response (Wong
et al., 2006). Accordingly, antidepressants could directly affect
PDE function in microglia in vitro and thus increase the intra-
cellular cAMP.

[Cso values of imipramine and fluvoxamine for inhibiting
[*H])5-HT uptake into rat cortical synaptosomes have been
reported to be 500 nM and 70 nM, respectively (Inazu et al.,
2001). In addition, ICsq values of reboxetine for inhibiting [*H]
NA and [*H]5-HT uptake into rat hippocampal synaptosomes
have been shown to be 8.5 nM and 6.9 uM, respectively (Miller
et al., 2002). Compared with above-mentioned values, ICsq
values of imipramine, fluvoxamine and reboxetine as inhibitors
of microglial IL-6 production, which were calculated to be
37.0 uM, 25.6 pM and 51.5 puM, respectively, in the present
study, appear to be high. The discrepancy between the
aforementioned values and ours might stem from differences
in the cell type and species. The other possibility is that, at the
doses used for this study, antidepressants could act on some
molecules other than monoamine transporters. In that case, G
protein seems to be one of the potential targets of antidepres-
sants in microglia as mentioned above.

The effects of lithium chloride on IFN-vy-induced microglial
production of pro-inflammatory mediators differed consider-
ably from antidepressants, as it enhanced 1L-6 production and
mhibited NO production. Our results are consistent with other
studies demonstrating that lithium increased the production of
pro-inflammatory cytokines such as IL-6 and TNF-a in human
monocytes (Arena et al., 1997, Merendino et al.,, 1994).
However, we demonstrated a paradoxical effect of lithium
chloride in that it inhibited NO production. This inhibition was
not reversed by either a cAMP inhibitor or a PKA inhibitor.
These results suggest that the inhibitory effect of lithium on
the microglial NO production is not mediated by the cAMP-
dependent PKA pathway. Based on the dual effects of
lithium chloride on microglial production of pro-inflamma-
tory mediators, the mechanism of lithium action on IFN-y-
activated microglia appears to be complicated and needs
further validation.

Several stimulants such as IFN-y, LPS and PMA are well
known to activate microglial cells. Most importantly, IFN-+y has
been associated with major depression. Maes et al. (1994) have
demonstrated that the [FN-y secretion by mitogen-stimulated
PBMC from patients with major depression is significantly
higher than that from healthy subjects. In addition, IFN-vy has
been shown to induce such depression-like behavior as
decreased locomotor activity in mice (Weinberger et al,
1988). Accordingly, our experimental method using IFN-y
secems to be consistent with a possible pathophysiologic
microenvironment in the brain of depressed patients.

Unlike [L-6, which has been shown to act as an inhibitory
regulator of neurogenesis, NO has been indicated to have a dual
role in adult neurogenesis (Cardenas et al., 2005). According to
in vivo studies, NO produced by neuronal NO synthase (NOS)
decreases neurogenesis (Morcno-Lopez et al., 2004), whereas
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NO synthesized from inducible NOS and endothelial NOS
stimulates neurogenesis (Reif et al., 2004; Zhu ct al,, 2003). NO
under neuroinflammatory conditions has been shown to
decrease neurogenesis in vitro (Covacu et al., 2006). Therefore,
the precise role of NO in adult neurogenesis remains unclear. In
this study NO production was used as a reliable parameter of
rodent microglial activation.

In conclusion, this study demonstrates that various types of
antidepressants inhibit [FN-v-induced microglial production of
pro-inflammatory mediators such as IL-6 and NO, while
lithium chloride has mixed effects. The antidepressants-induced
inhibitions seem to be, at least partially, mediated by the
cAMP-dependent PK A pathway. These results support the view
that antidepressants can inhibit microglial activation in vitro,
raising the possibility that antidepressants indirectly promote
adult neurogenesis through the inhibition of activated microglia
n vivo.
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Abstract Voltage-gated proton (H") channels play a pivotal
role in compensating charge and pH imbalances during
respiratory bursts in phagocytes. Lactic acidosis is a
clinically important metabolic condition accompanying
various tissue disorders in which the extracellular pH and
the intracellular pH often change in parallel. In this study,
we investigated the responses of the H™ channel in microglia
to lactate-induced pH disturbances using the perforated-
patch recordings. Na-lactate (pH 6.8) acidified the cells and
activated the H" channel within 5 min. This early activation
was correlated with increases in the pH gradient across the
plasma membrane (ApH) and was dose-dependent over a
concentration range of 10-150 mM. At 10 mM, the change
in ApH was only slight, but the H" cuments continued to
increase over an hour after the cell acidosis was stabilized.
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Prolonged exposure to lactate (10-20 mM, >1 h) increased
the amplitude by two to threefold. The late activation was not
explained by increased ApH but by changes in the property
of the channel per se. Pretreatment with staurosporine and
chelerythrine, inhibitors for protein kinase C, prevented the
late activation. These results suggest that the H" channel
could be activated greatly during long-lasting lactic acidosis
through both ApH-dependent and -independent mechanisms.

Keywords Proton current - Lactic acid - Acidosis -
Protein kinase C - pH

Introduction

Voltage-gated proton (H") channels, first described in snail
neurons [33], are characterized by extremely high selec-
tivity for H" and large H" effluxes [1]. They play a pivotal
role in the respiratory bursts during phagocytosis [S, 12,
23]. Itis deduced, from the electrophysiological properties,
that the H" channels respond to changes in both extracel-
lular pH (pH,) and intracellular pH (pH;). The activation
thresholds and the driving forces for H' efflux through the
channel are determined primarily by the pH gradient across
the plasma membrane (ApH=pH,~pH;). Thus, the effects
of pH; and pH, on the voltage dependence are reciprocal:
H* channels are activated at more positive voltages by
decreases in pH, but at more negative voltages by
decreases in pH;. Pathological conditions, such as hypoxia,
ischemia, injury and degenerating diseases, are accompa-
nied by a disturbance of the pH homeostasis: pH; and pH,
often change in parallel and interfere mutually. Therefore,
tissue acidosis may increase or decrease ApH. Lactic
acidosis is a clinically important metabolic acidosis and
fits this case {10, 22, 29, 32].
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The lactic acid generated by anaerobic glycolysis may
accumulate in tissue. Lactate-induced extracellular acidifica-
tion stimulates H-sensing channels such as the acid-sensing
Na® channels (ASIC) [14]. The behavior of H* channels
might, however, be more complicated. If pH; is decreased
more than pH,, the channel would be activated. In contrast,
the channel must be inhibited when the drop of pH; is
smaller than that of pH,. Our previous study showed that a
high concentration (150 mM) of lactate increased ApH [22],
but the concentration was too high to generalize the results to
the case of moderate lactic acidosis. Therefore, the dose-
dependent effect of lactate on the ApH should be evaluated.
In addition, lactic acid induces a variety of cellular responses,
for instance, mitochondrial dysfunction, cell swelling, and
production of free radicals, leading to deleterious effects on
cellular functions [2, 10, 17, 22, 25, 32]. Besides the direct
effects of ApH, the subsequent biological actions could
affect the channel activity. To resolve these issues, it is
essential to measure the H' channel currents from the cells
exposed to lactic acidosis. However, the lactate-mediated cell
acidosis could not be introduced under the whole-cell clamp
configuration in which pH; is conmtrolled by the pipette
solution. In addition, modulation of the H* channel activity
through second messenger pathways, such as activation by
protein kinase C [4], was often hampered by the intracellular
dialysis.

This study focused on investigating the dose- and time-
dependent behavior of the H' channel under lactic acidosis
using the perforated-patch recordings in microglia which
expresses the H' channel consistently [6, 7, 21, 22]. The
perforated-patch recordings appear to be most suitable for
minimizing perturbation of the intracellular environment
and preserving cellular buffer actions. Electrophysiological
analyses permitted the estimation of cell acidosis and ApH-
dependent events. The data suggested that the H" channel
would be activated during lactic acidosis through ApH-
dependent and -independent mechanisms.

Materials and methods

Cells A rat microglial cell line (GMI-R1) [28] was cultured
in the Eagle’s MEM containing 1 ng/ml recombinant mouse
GM-CSF (Peprotec), 10 ng/ml insulin, 10 mM glucose,
100 U/ml penpicillin, 0.1 mg/ml streptomycin, 0.25 ng/ml
amphotericin B, and 10% fetal calf serum. Cells were plated
at a density of 1.0-2.0x 10° cells/ml on coverslips and were
incubated at 37°C in a 95% air-5% CO, atmosphere. The
culture medium was changed every 3—4 days. GMI-R1 cells
preserve microglial characteristics [28] and exhibit H*
channels consistently [21]. The properties of the H"
channels share the same characteristics with those in
microglia in primary culture [6, 7, 21, 22).

@_ Springer

Solutions The standard Ringer solution contained (in
millimolar): 145 NaCl, 5 KCl, 1 CaCl,, 1 MgCl,, and 10
HEPES (pH 7.3). The Na*-free K*-rich solution and the
NMDG" solution were made by replacing NaCl with either
KCI or N-methyl-D-glucamine (NMDG) chloride. To load
cells with NH}, NaCl was replaced by 40 mM NH,CL. Na-
lactate solutions were made with 10-150 mM Na-lactate,
0 or 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM
Hepes (pH 6.8). The osmolarities were adjusted by adding
either Na-isethionate or NaCl. There was no consistent
difference in the results between the solutions containing
Na-isethionate and NaCl. All solutions were supplemented
with 10 mM glucose and 0.1% bovine serum albumin
(BSA). The osmolarities of the solutions were measured
using a freezing-point depression osmometer (OS osmom-
eter, Fiske, MA, USA) and were maintained between 285
and 300 mosmol/l.

Electrophysiological recordings In perforated-patch record-
ings, the standard pipette solutions contained: 150 mM Cs-
methansulfonate, 3 mM MgCl;, 1 mM EGTA, 10 mM
Hepes, and amphotericin B (500 pg/ml; pH 7.3). The
standard extracellular solution was 150 mM Na-isethionate,
1 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, 10 mM ghucose,
and 0.1% BSA (pH 7.3). As the microglia express K*
channels, K™ was generally omitted from both intracellular
and extracellular solutions. The K* concentration (0—5 mM)
did not affect the results in voltage-clamped cells in which
the holding potential was maintained. In most of recordings,
50 uM 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid
(DIDS), a CI" channel blocker, was added to the bath
solution. The buffer molecules (Hepes) could not pass
through the amphotericin B pores [20], and so the pH; was
controlled by the intrinsic pH buffers. The membrane
potential was measured under the current-clamp configuration
in the standard Ringer solution: Cs-methanesulfonate in the
pipette solution was replaced by K-gluconate. To characterize
the electrophysiological properties of the channel per se, H
currents were recorded in whole-cell recordings. Major ions
(Na*, K" and CI") were removed from both bath and pipette
solutions. The pipette contained 65 mM NMDG-aspartate,
3 mM MgCl, 1 mM BAPTA, 120 mM Mes (pH 5.5-6.5).
The pH was adjusted by CsOH or KOH. The bath contained
(in millimolar): 75 NMDG-aspartate, 100 Hepes, 1 MgCl, 1
CaCl, and 50 uM DIDS (pH 7.3). Ten millimolar glucose
and 0.1% BSA were added into the bath solutions. The
osmolaritics of the solutions were maintained between 280
and 290 mosmol/l.

The reference electrode was a Ag—AgCl wire connected
to the bath solution through a Ringer-agar bridge. The
liquid junction potential was corrected before formation of
the gigaseal in all experiments. The pipette resistances
ranged between 5 and 15 MS2. Current or voltage signals
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were recorded with an amplifier (Axopatch 200A, Axon
Instruments, Foster City, CA, USA), digitized at 2 kHz with
an analog-digital converter (Digidata 1200, Axon Instru-
ments), and analyzed using pCLAMP software (Axon
[nstruments). Proton currents were evoked by depolariza-
tion pulses (1—4 s) applied at the holding potentials (—80—
0 mV) every 10-20 s. Leak currents were estimated from
the linear portion of the current-voltage (J-/) relation at
voltages lower than the threshold potential for the H"
channel. The leak currents were subtracted from the current
records. All experiments were carried out at room temper-
ature (22-24°C) [18].

Data analysis The activation process was fitted with a
single exponential function after a delay time, giving
estimates of the steady-state currents and the activation time
constants (7,.,). The reversal potentials (V) were obtained
by either the tail-current method or the repolarization-pulse
method [11, 18, 20]. In the former, the /- relationships
were obtained from instantaneous tail currents at different
voltages following a constant voltage pulse (+100 mV,
1-2 s). In the latter, the /-F relationships were obtained by
applying 20-ms-long repolarization voltage-ramps at the
end of 2-s-long depolarization (40-100 mV). Subtraction of
the leak and capacitive currents after a short (20 ms)
depolarization yielded the net /-V curves for the H'
currents. The V,..,s were obtained from the zero-current
voltages. In the perforated-patch recordings, the tail current
method was used, as the higher access resistance might
generate voltage error during the short repolarization
voltage-ramp. Data are means+SEM. The statistical signifi-
cances (p<0.05) were evaluated using Student’s unpaired
t test, unless described otherwise.

We used the cell diameter ratios to monitor cell swelling,
as the increases in the cell diameters were almost propor-
tional to the estimates using the dye-dilution method or the
measurements of the cell thicknesses during swelling {22].

Measurements of intracellular pH (pH; The intracellular
pHs (pH;) of single cells were determined with a digital
fluorescence microscopy (Attoflour, Zeiss) using a pH-
sensitive fluorescent dye, 2',7'-bis-(2-carboxyethyl)-5 (and -
6) carboxyfluorescein (BCECF). Cells were plated on glass
coverslips for 10-24 h and loaded with the acetoxymethyl
ester form of BCECF (BCECF-AM; 1 uM) for 30 min at
37°C. After washout of the dye, the ratios of the fluores-
cence images (the emission wavelength >520 nm) excited
at two wavelengths (488 and 460 nm) were measured every
10 s with 30- to 100-ms exposures. Data (80-120 pixels for
each cell) for each illumination were averaged and plotted
against time. Calibration of pH; was carried out by dissi-
pating ApH with 10 uM nigericin in a K "-rich solution with
known pH values [9].

TUNEL staining Apoptotic effects of PKC inhibitors were
examined with the method of TdT-mediated dUTP-biotin
nick end labeling (TUNEL). Briefly, cells were fixed in 4%
paraformaldehyde, permeabilized in 0.1% TritonX-100/
0.1% sodium citrate, and stained with fluorescein-labeled
TUNEL reaction mixture (Roche). Analysis by fluorescence
microscopy revealed that TUNEL-positive cells were none at
2-h treatment with 100 nM staurosporine and 2-3% at 6 h.

Substances MES, BAPTA, and BCECF-AM were pur-
chased from Dojindo Laboratories (Kumamoto, Japan),
and all other chemicals were obtained from Sigma Chemical
Co. (St. Louis, MO, USA). Concentrated stock solutions of
DIDS, staurosporine, and chelerythrine chloride were
prepared in DMSO and that of nigericin in ethanol. The
final concentrations of DMSO and ethanol were less than
0.1 and 1%, respectively, which affected neither the currents
nor the cell shapes.

Results

Activation of the voltage-gated proton channel in response
to cell acidosis

The whole-cell H' currents in microglia were characterized
as slowly activating outward currents evoked by depolar-
ization (Fig. 1a) [7, 21, 22]. As the cell inside was dialyzed
continuously with the pipette solution, pH; was determined

a b
60

Current (pA)

-60 mv

PH /pH, = 7.3/6.0

>
100 pA
1s 55 6.0 65

Fig. 1 The pH dependence of the H' channel. a Representative whole
cell H* currents evoked by depolarization pulses applied at -60 mV.
pH/pH;~7.3/6.0. Leak currents were not subtracted. In later figures,
the leak currents were subtracled from the current records. b The V.,
was obtained from the zero-current voltages of the net I-V curve
(arrow in inset). Vs were plotted against pH; of 5.5 (n=21), 6.0
(n=4), and 6.5 (n=35) at a constant pH, (7.3). The relationship was
linear with a slope of 53 mV/unit pH,,. Data are means=SEM
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by the pH of the pipette solutions. The reversal potentials
(View) were obtained from the net /-V relation using the
repolarization-pulse method (Fig. 1b, inset; see “Materials
and methods”). The V., was determined by the pH gradient
across the plasma membrane (ApH=pH,—pH,), as the H*
channel is highly selective for H*. At a constant pH, (7.3),
Viev was correlated with pH; (Fig. 1b). The whole-cell
clamp configuration stabilizes the pH, and pH; with high
concentrations of pH buffers, which does not permit
changes in the pH eavironment in response to various
cellular conditions. In the perforated-patch recordings, pH;
could not be set with the pH buffers (Hepes or Mes) in the
pipette solution, as the buffers did not pass through
amphotericin B pores. Changes in pH; and the channel
activity could be investigated under the action of cellular
buffers. However, the pH of the pipette solution (pH,) was
maintained to be constant (7.3) throughout the experiments,
which might affect in pH;. To confirm whether intracellular

Fig. 2 Acute cell acidosis and
H* channel activation induced a

Ringer
by washout of pre-loaded

acidosis could be induced under this recording condition,
first, we examined the behavior of the H' channel in response
to purely intracellular acidification at constant pH,,.

Figure 2a shows averaged change of pH;, monitored by a
pH-sensitive fluorescent dye (BCECF), in cells exposed to
40 mM NH,CL The pH, was set to 7.3 throughout the
experiment. The resting pH; of single microglia was 7.32+
0.02 (n=70) in the standard Ringer solution. The pH; was
elevated transiently by application of NH,Cl. Washout of
NH,CI decreased pH; rapidly, but the intracellular acidifi-
cation was recovered in the Na'-free, K*-rich solution,
which depolarized microglia (-5+5 mV, n=5). In cells
incubated with 40 mM NH,CI for 30 min, the pH; was
7.27+0.03 (n=52). Washout of NH,C] with the K"-rich
solution decreased pH; by ~1.0 U (Fig. 2b, upper closed
circle) and then returned the pH; towards the pre-wash level.
Perforated-patch recordings revealed that the H" channel
was activated during this acutely induced cell acidosis
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(Fig. 2b, lower closed circle). The membrane potential was
beld to 0 mV, except for a test pulse (100 mV, 1 s) applied
every 10 s. The time course of the change in the H* current
was similar to that in pH;: the H” currents increased with the
drop in pH; and then declined along with the recovery of
pH; The time constant of the pH; recovery was 128+8 s
(n=25), not significantly different from that for the decrease
in the H" currents (112+13 s, n=5). Zinc, a blocker for the
H" channel, inhibited both the pHj recovery and the current
activation (Fig. 2b, open circles), indicating that the "
channel contributed to the quick relief of cell acidosis in
depolarized cells.

When cells were hyperpolarized by the NMDG" solution
(-75+£12 mV, n=3), the cell acidosis following washout of
NH4Cl was maintained until the cells were depolarized by
the K'-rich solution (Fig. 2c, upper). The H' channel
continued to be activated in cells maintained at a holding
potential of —60 mV (lower). Thus, changes in pH; and H*
channel activation were highly correlated: activation of the
H* channel started by a drop in pHj;, lasted as far as the cell
acidosis was maintained and terminated with the relicf of
the cell acidosis. Washout of NH4C! increased the ampli-
tudes of the H™ currents recorded in the perforated-patch
configuration at all potentials tested (Fig. 2d), by two to
fivefold (Fig. 2¢). These observations showed that the
present recording condition was suitable for investigating
the H* channel activity under cell acidosis.

Fig. 3 pH Responses during

lactic acidosis. a Time courses
of the pH; changes in the pres-
ence of 20 mM (open squares,

Ringer
pH 7.3

Na-lactate
pH 6.8

Lactate induces intracellular acidification and activation
of the H* channel

We next investigated the response of the H™ channel to
lactic acidosis at a pH, set at 6.8. The Na-lactate solutions
generated sustained cell acidosis in microglia (Fig. 3a) [22].
The pH; fell within 2-3 min to ~6.7 for 10 mM lactate,
~6.5 for 20 mM lactate and ~6.0 for 150 mM lactate. Thus,
both pH, and pH; decreased during lactic acidosis. The
subtraction gave changes in ApH (Fig. 3b). Lactate
increased ApH (at 5 min) dose-dependently over 10—
150 mM (Fig. 3c). The pH; and ApH recovered rapidly
after depolarizing the cells with the K'-rich solution
(pH 7.3; Fig. 3a and b).

The H" currents were increased within a few minutes after
application of Na-lactate (Fig. 4a). At higher lactate concen-
trations, the activation was faster and more marked. Lactate
increased the amplitude of the current and also facilitated the
activation process upon depolarization at all potential tested
(Fig. 4b); these effects were similar to the responses
produced by washout of NH4Cl. The data were fitted with
a single exponential function, giving estimates of the steady-
state currents and 7,,. The increases in the amplitudes of the
steady-state currents and the decreases in 7, produced by
5-min exposure of Na-lactate were dose-dependent (Fig. 4c).
Lactate (150 mM) increased the current amplitudes by three
to fourfold of the control and decreased the 7, to one third.
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Fig. 4 H' channel activation during lactic acidosis. a Lactate-induced
activation of H" currents under perforated-patch recordings: 20 mM
(n=4-5), 50 mM (n=3-6) and 150 mM lactate (n=5). The membrane
polential was -80 mV, and the H* current was evoked by 1-s-long
depolarization (—100 mV) pulse every 20 s. The current ratio was
obtained from the relative current magnitudes to those before each
exposure 1o lactate. b H” currents before and 5 min after exposure to
50 mM Na-lactate. ¢ The steady-state cumrent amplitudes (closed
squares) and the activation time constants (7., open squares) at
5-min exposure to 10-150 mM Na-lactate. Data (mean:SEM) were
obtained from the currents evoked by 80100 mV depolarizations and
expressed as percent of the control. Steady-state currents: 130+10%
(n=8) for 10 mM, 220+50% (n=7) for 20 mM, 280+40% (n=6) for
50 mM, and 340+80% (n=15) for 150 mM. 7, 92:+£10% (n=6) for
10 mM, 67+18% (n=3) for 20 mM, 39+13% (n=3) for 50 mM and
30+7% (n=7) for 150 mM. Data are means+SEM

The I~V relationships of cells during the acidosis in-
duced by washing of NH4Cl (Fig. 5a, left) or by a S-min
exposure to 50 mM lactate (Fig. Sc, left) were shifted
towards more negative potentials. The V., measured using
the tail-current method is indicated by arrowhead. The ¥,
was shifted in negative direction by lactate. The shift of
ApH was calculated from the V., shift (AV,,) using the
linear relationship between V., and ApH (Fig. 1b). The
ApH shift after NH4C1 washout was ~0.8-0.9 U (Fig. 5b).
The estimated ApH shift by lactate was increased dose-
dependently (Fig. 5d). As the pH,, was decreased by 0.5 U,
from 7.3 to 6.8, the pH; drop could be evaluated by adding
0.5 U to the ApH shift. For example, the increase in ApH
by 0.8 U at 150 mM means that the pH; was reduced by
approximately —1.3 U.
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Progressive activation of the H* channel during prolonged
lactic acidosis

As described above, an increase in ApH, the driving force
for H" efflux, is a common mechanism to enbance the H*
currents during cell acidosis induced by either washout of
preloaded NH4Cl or by application of Na-lactate. When the
I-V curve obtained after the washout of NH,C1 was moved
positively to cancel the V., shift, the two -V curves
overlapped well (Fig. 5a, right). In this case, it is likely that
the H* currents were enhanced mainly by the increase in
the driving force for H'. However, the two I~V curves,
before and after stimulation with lactate, did not overlap
(Fig. 5c right). The amplitudes of the currents at the same
driving force were greater in the presence of lactate than
those in the controls, suggesting that mechanisms other
than increases in ApH may be involved in the lactate-
induced activation of the H" channel. Prolonged exposure
to lower concentrations (<20 mM) of lactate revealed
clearly that lactate activated the H" channel more strongly
than expected from the ApH change itself: stable intracel-
lular acidosis was attained within 5 min (Fig. 3a), but the
H" currents continued to increase (Fig. 6a—). Figure 6a
shows a time course of progressive activation of the H"
current with 10 mM lactate. The current reached the steady-
state after 1 h. Although the increase in ApH by 10 mM
lactate was only slight (Fig. 5d), the exposure for >1 h
increased the current amplitude by approximately twofold
(Fig. 6a—). With 20 mM lactate, the current amplitude at
>1 h was increased by approximately threefold (Fig. 6¢),
which was almost equal to the amount attained by S-min
exposure of 150 mM lactate,

To confirm the ApH-independent activation more
clearly, whole-cell recordings were made in cells incubated
with 20 mM lactate for >1 h. To stabilize ApH, pH, and
pH; were set to be 7.3 and 5.5 with high concentrations
(100-120 mM) of pH buffers. At a constant driving force,
lactate enhanced the steady-state current amplitude by
approximately twofold (Fig. 6d, left) and decreased 7, to
half (right). These results showed that properties of the H*
channel per se were modulated so as to increase the H*
current during long-lasting lactic acidosis.

PKC inhibitors prevent the late activation
of the H* channel

Protein kinase C (PKC) is a strong activator for the H'
channel [4, 20, 24]. Figure 7 summarizes the lactate
(10 mM}-induced changes when the cells were preincubated
with PKC inhibitors, staurosporine and chelerythrine. Both
staurosporine (100 nM, >2 h) and chelerythrine (2 uM, >1 h)
prevented the late increase in the amplitude of the steady-
state current (a) and the lactate-induced decrease in 7, The
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Fig. 5§ Current-voltage (I-V) relationships and the reversal potentials
(Veey) of the H' channel during cell acidosis in the perforated-patch
recordings. a Lefi, -V plots for the steady-state current before (open
circles) and after washout of pre-loaded NH,Cl (closed circles).
Arrowheads indicate V., estimated by the tail-current method (see
“Materials and methods™). The two I-V curves were superimposed by
moving the control curve to cancel the difference in the two Ve s
(right, arrow). b The shifl of Vo, (AVey): —49+4 mV (n=4). The
corresponding shift of ApH (0.84+0.06 pH unit, n=4) is indicated on
the right. pH, was maintained at 7.3 throughout the experiments.

inhibitory effects were more prominent at 1 h than those at
5 min The pretreatment with staurosporine or chelerythrine
did not affect the H™ current in the resting state.

Cell swellings and depolarization during prolonged
factic acidosis

Cell swelling is a potent activator for the H" channels in
microglia {22]. In non-clamped cells, a 10-min exposure
to 50 mM Na-lactate increased the cell diameter by ~10%
(n=18-23). With 1020 mM lactate, swelling developed
more slowly: The diameter increased by 6.2+2.6% (n=10)
with 10 mM and 8.9+2.7% (n=9) with 20 mM at 1 h. This
level was maintained for several hours. Staurosporine did
not prevent the cell swelling: 10 mM lactate increased the
diameter by 6.7+4.1% (n=9) at | h even in cells treated
with staurosporine (100 nM, 2 h).

The membrane potential recorded in the standard Ringer
solution with K'-containing pipette solution was —50+

¢ Left, I-V relationships before (open circles) and after 5-min exposure
to 50 mM Na-lactate (closed circles). Right, the -V curve upon lactic
acidosis was moved towards positive potentials to cancel the
difference in the two V.,s: d The shift of V., al 5-min exposure to
lactate: -0.4+3.5 mV (n=6) for 10 mM, ~12+5 mV (n=5) for
20 mM, —-26+5 mV (n=6) for 50 mM, and -48x9 mV (n=6) for
150 mM corresponding to the shifts of ApH of 0.010.06, 0.20+:0.08,
0.45+0.08, and 0.82+0.15 pH unit, respectively (on the right scale).
pH, was 7.3 in control and 6.8 in the presence of lactate. Data are
means+SEM

10 mV (n=9) in control. There was no consistent change
in the membrane potential after 5-min exposure to 20 mM
lactate (—45+12 mV, n=8). However, the presence of
20 mM lactate for >1 h depolarized cells to about =10 mV
(-12+5 mV, n=8) probably through metabolic disturbances.
The depolarization might facilitate the channel openings.

Discussion

The H" channel is the most potent H -secreting mechanism
among various transmembrane H' conduction pathways.
Understanding the activation mechanisms is crucial in
resolving the functional roles of the H™ channel. The
present study revealed that the H' channel was activated
remarkably during lactic acidosis. The activation process
was separated into two phases; an early enhancement due to
increases in ApH and a later progressive potentiation
through changes in properties of the channel per se.
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Fig. 6 Progressive activation of the H" channel during prolonged
lactic acidosis. a A time course of gradual increases in H' currents in
the presence of 10 mM lactate (pH 6.8). b H" currents (100 mV)
recorded in a cell exposed to 10 mM lactate for 10, 35, and 60 min.
¢ Relative H' current amplitude in cells afier incubation with lactate
for 5 min (n=4 for 10 mM, n=9 for 20 mM) and >1 h (n=4 for
10 mM, n=11 for 20 mM). The current amplitudes were measured at
the end of 2- 1o 4-s-long depolarization pulses (80-100 mV) applied at
-80 mV. a—¢ Obtained from perforated-patch recordings. d Whole-cell
H* currents in control (2=5) and in cells incubated with 20 mM lactate
(pH 6.8) for >1 h (n=13). pH,/pH,~5.5/7.3. Steady-state current-
densities (/eff) and activation time constants (7,; right) were obtained
from the responses evoked by depolarization pulses (40 mV) applied
at -80 mV. The steady-state current and 7, were 15.2+2.8 pA/pF,
1,250:140 ms for control, 43.5+11.6 pA/pF and 690120 ms for the
treated cells. Data are means+SEM. *p<0.05, **p<0.005
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Fig. 7 Effects of PKC inhibitors on the lactate-induced activation of

the H' current. Relative changes in the steady-state current amplitude

(a) and T, (b) at 5-min and 1-h exposure to 10 mM lactate (pH 6.8).

The data were obtained from the currents evoked by depolarization

pulses to —100 mV. The holding potential was -80 mV. The data in

cells incubated with 100 nM staurosporine for >2 h (n=3-6) or 2 M

chelerythrine for >1 h (n=4-7) were compared with those in untreated

cells (n=4-8). *p<0.05. a indicates p=0.2
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Cell acidosis introduced in the perforate-patch configura-
tion The electrophysiological features of H* channels, well-
characterized in the whole-cell condition, show that the
activity of H" channels is regulated primarily by changes in
ambient pH. Therefore, H channels could function as pH
sensors, However, the pH-monitoring actions of H" chan-
nels are distinct from those of acid-sensing channels like
vanilloid receptors and ASIC in several features including
voltage gating and absence of threshold pH. Moreover, the
responsiveness to both pH; and pH,, complicates the actions
of H" channels. Purely extracellular acidification decreases
the channel activity, but purely intracellular acidification
enhances it. However, these conditions seldom occur.
Rather, changes in pH, and pH; are inseparable and often
change in parallel in tissue acidosis. In this study, we
employed the perforated-patch recordings to examine the
lactate-induced changes in ApH and the H" channel activity
over a wide range of the concentration.

The whole-cell recordings are generally performed under
a strict control of pH; with very high concentrations (100~
120 mM) of pH buffers. It has been questioned whether the
H" channel could respond to pH disturbances as expected
even with intrinsic intracellular buffers under the perforat-
ed-patch configuration. We checked the fidelity of the
recording system from the responses by washout of
preloaded NH,CI. This is a common experimental proce-
dure to examine the effects of acid-load [13]: cell acidosis
can be imposed without changes in pH,. During the acute
cell acidosis, activation of the channel started upon a drop
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in intracellular pH and terminated at relief of the cell
acidosis. The activation lasted as long as the cell acidosis
was sustained. The channel bebavior in the acutely induced
cell acidosis was well explained by changes in the driving
force for H': the H" current was potentiated by the increase
of ApH which shifted the activation threshold to more
negative voltages and increased the driving force for H".

An additional concern of the perforated-patch recordings
was whether the constant pH of the pipette solution
(pH, 7.3) might affect introduction of cell acidosis by
lactate. The present study showed that cell acidosis was
maintained under the perforated-patch configuration as far
as lactate was present. At closer inspection, however, the
10 mM lactate-induced shift of ApH estimated from the
Viev Was smaller (~0.01 pH unit; Fig. 5d) than the value
obtained by the measurement using BCECF in non-clamped
cells (~0.1 pH unit; Fig. 3c). Thus, a small amount of cell
acidification may be underestimated under the effect of the
pH,. In addition, the control pH; calculated from the V.,
(174 mV, n=8) was ~7.6, higher than the resting pH;
estimated with BCECF in non-clamped cells (~7.3). Proton
efflux during the tail current method might increase pH;, as
depletion of protonated buffers shifts the V., towards more
positive voltages even in the whole-cell configuration under
high concentrations of pH buffers [3]. Otherwise, absence
of CI” in the electrophysiological recordings may be
responsible for the difference at least partly [26]. In spite
of these small variations, the lactate-induced shift of the
ApH estimated by the two methods was not far different. It
is thus likely that the pH responses in the presence of
intrinsic intracellular buffers were almost preserved under
the present recording conditions.

Lactic acidosis and H' channel activation During lactic
acidosis, both pH, and pH; decreased simultaneously.
According to the ApH dependence of the channel activity
as described above, the activation may occur only when the
intracellular acidification exceeds the extracellular acidifi-
cation. The resultant increase in ApH and activation of the
H" channel were both dose-dependent at 5-min exposure to
lactate. The increase in driving force for H™ seems to be
responsible for this early activation.

The increased ApH was, however, not enough to explain
all the responses produced by lactate. First, the temporal
patterns of the changes in ApH and the channel activation
were not consistent. The current amplitude continued to
increase over >1 h, although the pH; reached the steady-
state within 5 min. Second, the increases in the H™ currents
were much greater than those predicted from the increase in
the driving force. Therefore, additional mechanisms other
than the increase in ApH appear to contribute to lactate-
induced activation of the H* channel, particularly when the

exposure to lactate is prolonged. Whole-cell recordings,
which could clamp ApH with high pH buffers, confirmed
the change in the electrophysiological properties of the H*
channel. The concentration of lactate in the tissue would be
less than 10-20 mM. The ApH-independent late activation
may be more significant in pathological context.

Mechanisms for the late activation by lactate The mecha-
nisms responsible for the ApH-independent activation have
not yet been fully resolved, but there are several possibilities.
Cell acidosis could affect various cellular processes, besides
direct effects on ion channels or enzymes: It changes the
fluidity of the plasma membrane [15], increases the level of
strong free radicals [30], and modifies the cytoarchitecture
[8]. Activation of PKC is a mechanism underlying cellular
responses in tissue acidosis [16, 19, 27]. H* channels are
activated by PKC [4, 20, 24]. Pretreatment with PKC
inhibitors inhibited the late phase of the lactate-induced
activation of the H' channel, suggesting that PKC might be
involved in the activation process. In addition, cell swelling
developed slowly in the presence of lower (10-20 mM)
concentrations of lactate, which could also contribute to
activation of the H* channel [22]. As the swelling was not
prevented by staurosporine, activation of the H" channel
might be mediated through different patbways during lactic
acidosis.

Patho/physiological implications Tissue disorders are often
accompanied by lactic acidosis, cell swelling, depolariza-
tion, and fever, all of which activate H" channels. Proton
channels are rich in the plasma membrane of phagocytes
which are involved in the defense mechanism. The activity
of NADPH oxidase is pH-dependent and is inhibited by
intracellular acidification [31]. Long exposure to lactate
depolarized cells to about —10 mV: The H" channel would
open if pH; is lower than pH, by at least ~0.15 U. Addi-
tionally, activation of PKC shifts the voltage dependence by
about —40 mV [4, 20]. Potentiated H* efflux could contri-
bute to a relief of the severe cell acidosis caused by the
accumulation of metabolic acid and may hyperpolarize cells.
H* channels are also essential for charge compensation
during the respiratory burst which induces accumulation of
intracellular H* and depolarization [5, 12, 23]. The
activated H” channel may serve to maintain phagocytotic
action of microglia during long-lasting metabolic acidosis.
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Biochemistry of postmortem brains in Parkinson’s disease:

historical overview and future prospects
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Summary Biochemical studies on postmortem brains of patients with
Parkinson’s disease (PD) have greatly contributed to our understanding of
the molecular pathogenesis of this disease. The discovery by 1960 of a
dopamine deficiency in the nigro-striatal dopamine region of the PD brain
was a landmark in research on PD. At that time we collaborated with
Hirotaro Narabayashi and his colleagues in Japan and with Peter Riederer
in Germany on the biochemistry of PD by using postmoartem brain samples
in their brain banks. We found that the activity, mRNA level, and protein
content of tyrosine hydroxylase (TH), as well as the levels of the tetrahy-
drobiopterin (BH4) cofactor of TH and the activity of the BH4-synthesizing
enzyme, GTP cyclohydrolase I (GCH1), were markedly decreased in the
substantia nigra and striatim in the PD brain In contrast, the molecular
activity (enzyme activity/enzyme protein) of TH was increased, suggesting
a compensatory increase in the enzyme activity. The mRNA levels of all
four isoforms of human TH (hTH1-hTH4), produced by alternative mRNA
splicing, were also markedly decreased. This finding is in contrast to a
completely parallel decrease in the activity and protein content of dopamine
B-hydroxylase (DBH) without changes in its molecular activity in cere-
brospinal fluid (CSF) in PD. We also found that the activities and/or the
levels of the mRNA and protein of aromatic L-amino acid decarboxylase
(AADC, DOPA decarboxylase), DBH, phenylethanolamine N-methyltrans-
ferase (PNMT), which synthesize dopamine, noradrenaline, and adrenaline,
respectively, were also decreased in PD brains, indicating that all catechol-
amine systems were widely impaired in PD brains. Programmed cell death
of the nigro-striatal dopamine neurons in PD has been suggested from the
following findings on postmortem brains: (1) increased levels of pm%nﬂam-
matary cytokines such as TNF-a and [L-6; (2) increased levels of apoptosis-
related factors such as TNF-a. receptor R1 (p 55), soluble Fas and bcl-2, and
increased activities of caspases 1 and 3; and (3) decreased levels of peuro-
trophins such as brain-derived nerve growth factor (BDNF). Immunchisto-
chemical data and the mRNA levels of the above molecules in PD brains
supported these biochemical data. We confirmed by double immunofiuo-
rescence staining the production of TNF-a and I1-6 in activated microglia
in the putamen of PD patients. Owing to the recent development of high-
ly sensitive and wide-range analytical methods for quantifying mRNAs
and proteins, future assays of the levels of various mRNAs and proteins
not only in micro-dissected brain tissues containing neurons and glial cells,
but also in single cells from frozen brain slices isolated by laser capture
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micro-dissection, coupled with toluidine blue, Nissl staining or immuno-
histochemical staining, should further contribute to the elucidation of the
molecular pathogenesis of PD and other neurodegenerative or neuropsy-
chiatric diseases.

Keywords: Parkinson’s disease, postmortem brain, laser micro-dissection,
biochemistry, enzymes, cytokines, neurotrophins

Introduction

The main symptoms of movement disorder, i.e., akinesia,
muscle rigidity, and resting tremor, in Parkinson’s disease
(PD) are caused by a deficiency in the level of the neuro-
transmitter dopamine at the nerve terminals in the striatum
of the nigro-striatal dopamine neurons as the result of
selective neurodegeneration of dopamine neurons in the
substantia nigra. Most PD is aging-related and sporadic
without any bereditary history. Familial PD (PARK) is esti-
mated to represent only ~5% of PD cases. The presence of
intracelluar inclusions called Lewy bodies, which are main-
ly composed of a-synuclein (a-synuclein is the causative
gene of PARK1), is another feature of sporadic PD. The
molecular mechanism of neural degeneration in sporadic
PD is speculated to be multiple (Riederer et al., 2001;
Nagatsu and Sawada, 2006), involving environmental and/
or endogenous potential neurotoxins, oxidative stress, mi-
tochondrial dysfunction, altered iron homeostasis, immune-
mediated mechanisms, and susceptibility genes that might
be related to the causative genes in familial PD (Mizuno
et al., 2006) such as a-synuclein or parkin. Noradrenaline
deficiency in noradrenaline neurons is also observed in the
locus coeruleus. These dopamine and noradrenaline defi-
ciencies in the brain of PD patients were first observed by
Ehringer and Homykiewicz (1960). As Foley et al. (2000)
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pointed out, Sano et al. (1960, 2000) also observed greatly
reduced dopamine levels in the substantia nigra and stria-
tum in one case of postmortem PD brain. This discovery
of a dopamine deficiency in the nigro-striatum was a land-
mark finding of biochemical studies on PD, and led to the
development of L-DOPA therapy to supplement the de-
ficient dopamine. L-DOPA was the first neurotransmitter
supplementation therapy, and it is still the gold standard
of drug therapy for PD.

Up to 1960, even after development of sensitive spectro-
fluorometric assays, biochemical studies on such unsta-
ble compounds as dopamine and noradrenaline had been
thought to be difficult to conduct on human postmortem

brains. However, after the successful confirmation of the ‘

dopamine deficiency in the nigro-striatal region in postmor-
tem PD brains in 1960, biochemical studies on postmortem
brains were expanded from various small molecules such
as catecholamine neurotransmitters to mRNAs and proteins
of enzymes and cytokines related to PD, Alzheimer’s dis-
eases (AD), and other neurodegenerative or neuropsychiat-
ric diseases, and have greatly contributed to elucidation of
their molecular pathogenesis. This review focuses on the
historical development and future prospects of biochemical
studies on postmortem brains from PD patients.

Problems in the biochemistry of postmortem
brain samples

Biochemical quantitative analyses of human postmortem
brain samples have intricate problems, because there are
many uncontrollable factors in such samples. The follow-
ing considerations are generally required in biochemical
studies using postmortem brain tissues. (1) Approval of
the local ethics committee is essential. (2) Precise clinical

- information on the patient is required, as drugs adminis- -

tered to the patient may affect primarily or secondarily the
level of the compound to be assayed. Most PD patients are
administered L-DOPA or dopamine receptor agonists. (3)
The condition before death such as the cause of death and
the duration of coma may affect the objective compound.
No consuming diseases and a short agony stage are nec-
essary conditions to obtain reliable biochemical data. (4)
Postmortem time may affect the results. Such compounds
as dopamine or noradrenaline are unstable and easily de-
graded non-enzymatically or enzymatically by monoamine
oxidase (MAO). mRNAs and proteins are also unstable.
Therefore, the postmortem delay must be as short as pos-
sible (preferably within 12h). (5) Age and postmortem
time of PD patients must be similar to those of the control
patients. (6) The brain regions to be dissected and the
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methods of brain di‘ssection should be the same between
PD brains and control ones. Punching-out of the micro
brain regions from tissue slices (~1-2cm) is generally
used, and the brain location to be dissected out must be
the same in each brain sample. As described below, single
cell analysis by laser micro-dissection (Hashida et al.,
2002; Kawahara et al., 2003) will be a new and valuable
method to further our knowledge of the biochemistry of the
postmortem brain. (7) Dissected samples should be frozen
immediately on dry ice, completely packed and sealed, and
stocked at —80° in a deep freezer. (8) Since large numbers
of samples are required for proper statistical analysis, a
brain bank should be established.

Figure 1 shows schematically the brain bank system in
Germany (Riederer P, personal communication).

Changes in catecholamine neurotransmitters
and related enzymes in postmortem PD brains

After the discovery of the dopamine deficiency in the
nigro-striatum in PD, various neurotransmitters and their
related enzymes were measured in postmortem PD brains
by us and by other workers. Nagatsu’s group first collab-
orated with Hirotaro Narabayashi (Juntendo University
School of Medicine, Tokyo, Japan), who supplied the brain
samples from his own brain bank (established by Hirotaro
Narabayashi and Reiji lizuka), and forther collaborated with
Peter Riederer who established a brain bank at Wiirzburg
University (Wilrzburg, Germany; Fig. 1).

Systems in Germany
® Seven Brain Bank Centers (BBC) in Germany

Diseases
ALS, Addiction, AD, PD, LBD, HD
Braln Conditions (Quality Control)
@ Approval of the loca! ethical committee
©® High tissue quailty
® Body kept cold until sutopsy
@ Short agony stage
@ No consuming disesses
# Short pestmortem delay <A8h

Brain dissection

_— Brain \
y stem Upper faln\

: /
Right Left Right Left
Slices -2cm neocortex
Dissection entorhinal cortex
Aluminum foil subcortical nuclel
Dry Ice powder for 10 min cerebellum
Stock at -80°C spinal cord

Fig. 1. The brain bank system in Germany (P. Riederer, personal
communication)
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Table 1. Changes reported in catecholamine-related enzymes in Parkin-
son's disease

Enzymes Sample mRNA  Protein  Activity Molecular
source activity
(activity/
protein)
TH
Total  striatum decreased decreased increased
Total SN decreased decreased decreased increased
hTH1 SN decreased
hTH2 SN decreased
hTH3. SN decreased
hTH4 SN decreased
AADC SN decreased decreased
DBH CSF decreased decreased normal
hypothalamus decreased
GCH1 striatum decreased
PNMT  hypothalamms decreased

AADC, aromatic L-amino acid decarboxylase; CSF, cerebrospinal fluid;
DBH, dopamine B-hydroxylase; GCHI, GTP cyclohydrolase I; LC, locus
coeruleus; PNMT, phenylethanolamine N-methyltransferase; SN, substantia
nigra; TH, tyrosine hydroxylase.

From Nagatsu et al. (1977, 1981, 1984, 1986), Mogi et al. (1988a, b) and
Ichinose et al. (1994).

The results are summarized in Table 1. In our early stud-
ies we measured the activities and protein contents of the
enzymes related to catecholamine metabolism. We found
the presence of phenylethanolamine N-methyltransferase
(PNMT) in the control and PD brains, supporting the pres-
ence of adrenaline neurons in the human brain (Nagatsu
et al., 1977; Trocewicz et al., 1982). We (Nagatsu et al.,
1977, 1984) also found a marked decrease (to ~10-20% of
controls) in the activity of tyrosine hydroxylase (TH) in the
nigro-striatum in PD, in agreement with the results of other
workers (Lloyd et al., 1975; McGeer and McGeer, 1976).

.Riederer et al. (1978) found TH activity to be decreased
also in the adrenal medulla in PD, indicating the general
impairment of the catecholamine system. DOPA decarbox-
ylase (aromatic L-amino acid decarboxylase, AADC) ac-
tivity was found to be decreased in the nigro-striatum in PD
(Lloyd and Hornykiewicz, 1970). We also found decreased
activities in dopamine B-hydroxylase (DBH) for noradrena-
line synthesis and PNMT for adrenaline synthesis in PD
brains (Nagatsu et al., 1977, 1984). Furthermore, the level
of the tetrahydrobiopterin (BH4) cofactor of TH and the
activity of the BH4-synthesizing enzyme GTP cyclohydro-
lase T (GCH1) were found to be decreased in PD brains
(Nagatsu et al., 1981, 1986). These results indicate that not
only the nigro-striatal dopamine neurons but also all cate-
cholamine neurons are generally affected in PD. Braak et al.

{2006) recently proposed, based on the pathology of Lewy
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bodies, that PD may start in the pre-symptomatic phase
from the medulla oblongata where noradrenaline and adren-
aline neurons are localized.

The activity of the serotonin-synthesizing enzyme tryp-
tophan hydroxylase (TPH2) was also moderately decreased
in the substantia nigra in PD (Sawada et al., 1985). In
contrast to PD, in Alzheimer’s disease (AD) the activities
of TPH2 and TH, and the contents of the biopterin cofactor
in the AD brain were found to be moderately decreased in
various brain regions, indicating a reduction in the numbers
of both serotonin and catecholamine neurons in wide mono-
amine regions in AD (Sawada et al., 1987).

‘We examined not only the enzyme activity, but also the
protein content measured by enzyme immunoassay, of TH
in PD brains. Although both TH protein and TH activity in
the nigro-striatum were markedly decreased in parallel in
PD brains as compared with those of the control brains, the
molecular activity (activity per enzyme protein, also called
homo-specific activity) was significantly increased in PD
brains. The increase in the molecular activity of residual
TH in PD brains suggests that such molecular changes in
TH molecules represent a compensatory increase in TH ac-
tivity (Mogi et al., 1988a). We also measured in cerebro-
spinal fluid (CSF) of control and PD patients the protein
contents and activities of DBH, which synthesizes noradren-
aline and adrenaline and is secreted from noradrenaline and
adrenaline neurons in the brain into the CSFE. In contrast to
TH, both DBH activity and protein content in the CSF of
PD patients were reduced in parallel (r=0.79) to ~20%
of contro} values without changes in the molecular activity,
suggesting only a decreased content in DBH without
molecular changes in DBH protein in the noradrenaline
and adrenaline neurons in PD (Mogi et al., 1988b). Human
TH is markedly activated by the cofactor Fe?*. There are
no significant changes in the stimulation of TH activity in
the human caudate nucleus by Fe?* in PD, whereas such
differences are noted between PD and control brains when
exogenous protein kinase is used as a stimulant (Rausch
et al., 1988).

Four isoform proteins of human TH (hTH1-hTH4) are
expressed by alternative mRNA splicing from a single gene
in the brain (Haycock, 2002; Grima et al., 1987; Kaneda
et al., 1987; Kobayashi et al., 1988). In human AADC, a
single protein is produced by a tissue-specific alternative
promoter from neuronal and pon-peuronal mRNAs en-
coded by a single gene (Ichinose et al., 1992). We quanti-
fied all four types of human TH mRNAs and AADC
mRNA in human brains (substantia nigra) from control,
PD, and schizophrenia patients by using the quantitative
reverse transcription-polymerase chain reaction (RT-PCR;
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Ichinose et al., 1994). All four types of TH mRNAs were
detected in the substantia nigra in the control brains ex-
amined; and the ratio of hTH1, hTH2, hTH3, and hTH4
mRNAS to the total amount of TH mRNAs was 45, 52, 1.4,
and 2.1%, respectively, in the substantia nigra. The levels
of TH and AADC mRNAs were highly correlated in the
control cases. We found that PD brains had very low levels
of all four TH isoform mRNAs and AADC mRNA in the
substantia nigra compared with control brains, whereas no
significant differences were found between schizophrenic
brains and normal ones. We found that monkeys [Japanese
monkeys (Macaca irus and Macaca fuscata), gibbon, orang-
utan, gorilla, and chimpanzee] have two TH isoforms cor-
responding to hTH1 and hTH2 (Ichikawa et al., 1990;
Ichinose et al., 1993). Monkeys, like humans, are highly
susceptible to 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyr-
idine (MPTP), a chemical that produces PD in humans
(Langston et al., 1983). Thus, we also measured the levels
of the two types of TH mRNAs in PD monkeys produced
by use of MPTP and compared these levels with those
for normal monkeys (Ohye et al., 1995). The levels of
both monkey TH mRNAs were significantly decreased
specifically in the substantia nigra, which results are simi-
lar to those in human PD. All these results indicate that
catacholamine-synthesizing enzyme systems are gener-
ally decreased in all catecholamine neurons especially
in the nigro-striatal dopamine neurons. These decreases
may be caused by neuronal degeneration. However, it is
not still clear yet when such changes in catecholamine-
synthesizing enzymes start in catecholamine neurons in
relation to neurodegeneration in sporadic PD. We found
that in MPTP-produced animal PD models the changes
in the TH system occur soon after MPTP treatment,
as evidenced first by a decrease in TH activity, then in-
activation followed by a decrease in the protein levels
(Nagatsu, 1990).

Presence of MPTP-like neurotoxins
in postmortem brains in PD

MPTP inhibits complex I in mitochondria, produces re-
active oxygen species, and causes apoptotic cell death in
MPTP-induced PD in animals. Dopamine cell death in
sporadic PD is also thought to be caused by apoptosis
(Hirsch et al., 1999). Since MPTP is a chemically synthe-
sized PD-producing neurotoxin in humans, efforts have
been made to find MPTP-like neurotoxins in postmortem
PD brains by us and by other workers (Nagatsu et al., 1997,
2002a). Two groups of MPTP-like compounds, isoquino-
lines (IQs) and B-carbolines, were identified in postmortem
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human PD brain and in CSF by gas chromatography-mass
spectrometry. Similar to MPTP, these IQs and B-carbolines
generally inhibit mitochondrial complex I, and cause apop-
totic death of catecholamine-producing cells in cultures.
Like MPTP, which is converted to toxic 1-methyl-4-phe-
nyl-pyridinium (MPP+) by MAO B, 1Qs and B-carbolines
are also generally N-methylated by N-methyltransferase
and then oxidized by MAO B to isoquinolinium ions or
carbolinium ions to produce neurotoxicity in animals
in vivo. Some probable neurotoxins such as (R)-N-Me-sal-
solinol are assumed to be endogenously synthesized from
dopamine in the brain. When (R)-N-Me-salsolinol is ad-
ministered directly into the striatum in rats, it produces
Parkinson-like movement disorders (Naoi et al., 1996).
These properties are similar to those of MPP+-. The follow-
ing IQs have been identified in the brain of patients with
PD and also of control patients (Nagatsu, 1997; 2002a):
tetrahydroisoquinoline (TIQ), 1-Me-TIQ, N-Me-TIQ,
N-Me-6,7-(0H)2-TIQ (N-Me-norsalsolinol), 1, N-(Me)2-
6,7-(OH)2-TIQ (N-Me-salsolinol), 1-phenyl-TIQ, N-Me-
1-phenyl-TIQ, and 1-benzyl-TIQ (1-Bn-TIQ). Among
these 1Q compounds, 1-Bn-TIQ (Kotake et al., 1995) and
(R)-N-methyl-salsolinol (Naoi ‘et al., 1996) are the most
potent in producing PD in animals. Among P-carbolines,
norharman, harman, 2-Me-norharmanium, and 2,9- (Me)2-
norharmanium have been identified in the brain and CSF
in normal controls and PD (Collins and Neafsey, 2000;
Matsubara, 2000). 1-Trichloromethyl-1,2,3,4-tetrahydro-
B-carboline (TaClo) is another neurotoxic P-carboline
(Bringmann et al., 2000). Some of these neurotoxins are
increased in the brain and/or CSF in PD. Howeyver, their
distributions in the brain are not specific to the nigrostria-
tal pathway, and none of them, except MPTP, have been
proved to produce PD in humans. Therefore, the signifi-
cance of these neurotoxins with respect to PD remains
unknown.

Changes in cytokines and neurotrophins
in postmortem brains in PD

The brain is generally considered to be a “privileged”’ site,
i.e., one free from immune reactions, since it is protected
by being behind the blood-brain barrier. However, recent
findings revealed that immune responses do, in fact, occur
in the brain in PD or in other neurodegenerative diseases,
probably by microglia activation that produces pro-inflam-
matory cytokines (Hayley and Anisman, 2005; Hirsch et al.,
2003; McGeer and McGeer, 1995; McGeer et al., 1988;
Nagatsu and Sawada, 2005; Nagatsu et al., 1999; Sawada
et al., 2006). As described below, PD animals produced by
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Table 2. Changes reported in various cytokines, growth factors, and
apoptosis-related factors in Parkinson's disease

Cytokines, growth Tissue smdied

factors, or apoptosis-

related factors Substantia Stdatum  Ventricular Lumbar
nigra CSF CSF

TNF-« increased increased

L-1p increased  increased  increased

-2 increased  increased

L4 increased

IL-6 increased  increased increased

EGF . . increased

TGF-« increased  increased

TGF-$1 increased  increased

TGF-$2 increased

NGF decréased

BDNF decreased

GDNF no change

bFGF no change

TNF R1 (p55) increased

caspase 1 (activity)  increased

caspase 3 (activity) increased

B2-microglobulin increased

bel-2 increased

solubles Fas increased

From Nagatsu et al. (1999) and Nagatsu (2002).

MPTP or 6-hydroxydopamine showed apoptotic death of
the nigro-striatal dopamine neurons with increased levels
of pro-inflammatory cytokines and decreased levels of neu-
rotrophins. Therefore, we examined changes in the levels
of pro-apoptotic cytokines, neurotrophins, and other apop-
tosis-related factors in the nigrostriatal pathway in post-
mortem PD brains initially by using the enzyme-linked
immunosorbent assay (ELISA; Mogi and Nagatsu, 1999;
Mogi et al., 2000; Nagatsu, 2002b; Nagatsu et al., 1999,
.2000a, b). Our results are shown in Table 2. We further
measured mRNA levels by RT-PCR, and also identified
cytokine production by immunohistochemistry at the cel-
lular level (Imamura et al., 2003, 2005; Sawada et al.,
2006). We obtained the first ELISA evidence for a marked
increase in the level of TNF-a in the brain (striatum) and
lumbar CSF (Mogi et al., 1994). This finding was sup-
ported by the result of an immunohistochemical study by
Boka et al. (1994).

We found that the levels of the following cytokines and
apoptosis-related factors in the nigrostriatal pathway, and/
or in ventricular and lumbar CSF were elevated: TNF-a,
IL-1B, IL-2, IL4, IL-6, EGF, TGF-a, bFGF, TGF-Bl,
TNF-B2, Bcl-2, soluble FAS, TNF-a receptor R1 (p55),
caspases 1, and 3. We also found decreased levels of neu-
roprotective neurotrophins, BDNF and NGF, in the sub-
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stantia nigra. These data on changes in the levels of
cytokines in human PD brains were also supported by the
results obtained from animal models of PD such as MPTP-
treated mice (Mogi et al., 1998) and PD rats produced by
injecting 6-hydoxydopamine (Mogi et al., 1999).

Studies on cytokines at the cellular level in
the postmortem PD brain: immunohistochemistry
and mRNA levels measured by RT-PCR

Inflammatory changes called neuroinflammation, most prob-
ably induced by activated microglia, in PD brains have
been reported by us and other workers (Angrade et al.,
1997; Hirsch et al., 1999, 2003; Jellinger, 2000; McGeer
et al., 1988; McGeer and McGeer, 1995; Mogi and
Nagatsu, 1999; Nagatsu et al., 1999; Nagatsu and Sawada,
2005; Rogers and Kovelowski, 2003; Sawada et al., 2006).
We assume that activated microglia are present in the PD
brain to produce pro-inflammatory cytokines and neuroin-
flammation, ultimately promoting death of dopamine neu-
rons in the substantia nigra. Imamura et al. (2003) of our
group identified by Western blot analysis TNF-o and IL-6
proteins in the PD brain. By double immunofluorescence
staining, they also proved that ICAM-I- and LFA-1-positive
MHC class II-bearing activated microglia in the putamen
from sporadic PD patients had produced TNF-a and IL-6
proteins.

Activated microglia and neuro-infammation are ob-
served not only in postmortem brains of patients with
sporadic PD, but also in brains of patients with PD caused
by MPTP (Langston, 1999) and in MPTP-PD monkeys
years after MPTP exposure (McGeer et al.,, 2003). The
question is whether these activated microglia are neu-
roprotective or neurotoxic toward the nigro-striatal do-
pamine neurons. Based on the in vitro finding of a toxic
change from a neuroprotective microglial clone to a toxic
one by transduction with HIV-1 Nef protein, resulting in
increased NADPH oxidase activity (Vilhardt et al., 2002)
and on neuropathological findings of the presence of neu-
rotoxic and neuroprotective subsets of activated microglia
in the brains of PD and Lewy body disease (LBD) patients
by Imamura et al. (2003, 2005), Sawada has hypothesized
that activated microglia may be neuroprotective at least
in the initial early stage and may later become neurotoxic
by a toxic change during the progression of PD, AD,
or other neurorodegenerative diseases (Sawada et al,
2006). This microglia-toxic change hypothesis, if cor-
rect, would be expected to be useful for developing drugs
against PD. Anti-inflammatory drugs, which are specu-
lated to be useful for the treatment of PD, may inhibit



