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The heroin analogue 1-methyl-4-phenylpyridinium, MPP*, both in
vitro and in vivo, produces death of dopaminergic substantia nigral
cells by inhibiting the mitochondrial NADH dehydrogenase mul-
tienzyme complex, producing a syndrome indistinguishable from
Parkinson’s disease. Similarly, a fragment of amyloid protein,
AB1-a2, is lethal to hippocampal cells, producing recent memory
deficits characteristic of Alzheimer’s disease. Here we show that
addition of 4 mM p-B-hydroxybutyrate protected cultured mesen-
cephalic neurons from MPP* toxicity and hippocampal neurons
from Ap1-s2 toxicity. Our previous work in heart showed that
ketone bodies, normal metabolites, can correct defects in mito-
chondrial energy generation. The ability of ketone bodies to
protect neurons in culture suggests that defects in mitochondrial
energy generation contribute to the pathophysiology of both brain
diseases. These findings further suggest that ketone bodies may
play a therapeutic role in these most common forms of human
neurodegeneration.

Izheimer’s disease affects about 5 million people and Par-

kinson’s disease about 500,000 people in the United States
(1). The incidence of Alzheimer’s is expected to increase as the
population ages as its prevalence rises from 2.5% of those at 65
years of age to 47% of those over 85 years of age (2). Alzheimer’s
disease is multifactorial (3), characterized by loss of recent
memory, decrease in brain acetyl choline (4), and death of
hippocampal neurons. These changes result from the accumu-
lation of a proteolytic (5) fragment of the B chain of amyloid
precursor protein, ABi_42, (6) both intracellularly (7) and extra-
cellularly in pathologically characteristic amyloid plaques. Re-
cently, immunization against AB;_4» has been reported to pre-
vent pathological change in transgenic mice overexpressing
amyloid precursor protein (8). There is no general agreement on
the pathophysiological mechanisms of amyloid toxicity. At
present, approximately 20% of cases can be related to abnor-
malities of AB;_4, metabolism because of defects located on
chromosome 1, 14, 19, or 21 (9), leaving approximately 80% of
cases caused by other factors. Among those factors increasing
amyloid accumulation are: brain trauma (10), ischemia (11),
insulin resistance (12), or impairment of brain energy metabo-
lism (13, 14).

Parkinson’s disease clinically is characterized by muscle rigid-
ity, tremor of the distal extremities, and bradykinesia and
pathologically is characterized by eosinophilic Lewy-body inclu-
sions comprised of the nucleoprotein a-synuclein and ubiquitin
and by death of substantial nigral dopaminergic neurons (15).
Parkinson’s disease can be caused by genetic abnormalities,
environmental toxins, or infections, and it can be treated, at least
temporarily by L-dopa administration. Experimentally, a syn-
drome indistinguishable from Parkinsonism can be induced by
administration of the heroin analogue 1-methyl-4-phenylpyri-
dinium, MPP* (15), which is taken up by the dopamine trans-
porter of dopinergic neurons where it inhibits the activity of the
mitochondrial NADH dehydrogenase multienzyme complex
(EC 1.6.5.3) (16, 17).
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Brain in normal adults entirely depends on the metabolism of
glucose for its energy needs, being unable to use exogenous fatty
or amino acids. The single exception is the ability of brain to
derive a major portion of its energy needs from the metabolism
of ketone bodies (18), referred to as ketones. In heart, we have
shown that ketones decreased the need for glycolysis (19),
bypassed the blockade of pyruvate dehydrogenase (PDH) mul-
tienzyme complex resulting from insulin deficiency, increased
the concentration of metabolites of the first third of the tricar-
boxylic acid (TCA) cycle, reduced the mitochondrial [NAD*]/
[NADH], oxidized mitochondrial coenzyme Q, thus increasing
the Q/QH; ratio, increased the AG of ATP hydrolysis, and
increased metabolic efficiency (20, 21). Elevation of blood
ketones, the brain’s only alternative to glucose as an energy
source (18), has been used for 50 years as a treatment for
refractory epilepsy (22). In light of our findings on the effects of
ketones in heart, we therefore asked whether they might be
neuroprotective against MPP™* toxicity on cultured mesence-
phalic neurons and against AB;_4 toxicity on hippocampal
neurons, both models for neurological disease associated with

aging.

Materials and Methods

Mesencephalic Culture. Primary serum-free culture of 14-day
embryonic mesencephalic cells were prepared from the ven-
tral, medial 1.0 mm? volume block of tissue comprising the
mesencephalic dopaminergic region as described (23). This
dissection technique provides cell populations of >95% neu-
rons including 20% dopaminergic neurons, tyrosine hydroxy-
lase positive (TH™) cells, and <5% glial cells. Dissected tissue
blocks were dispersed by pipetting in DMEM/F12 medium
(Gibco) containing 10% FCS and 17.5 mM glucose to which
was added 0.01% apo-transferrin, 5 pg/ml insulin, 30 nM
l-thyroxin, 20 nM progesterone, 30 nM sodium selenite, 100
units/ml penicillin, and 100 mg/ml streptomycin. Twenty five
microliters of the cell suspension containing 5 X 10° cells/ml
was plated on 8-well chamber slides (LabTek, Nunc), coated
with poly-D-lysine (Sigma). After 4 h incubation at 37°C, in 5%
CO; at 100% humidity, 375 ul of media was added. After 12 h
incubation, the medium was aspirated and changed to serum-
free medium, which substituted 0.01% BSA (Fraction V,
Sigma) for the FCS. At the third day in culture, Na D-B-
hydroxybutyrate (Sigma) was added to half the wells to make
a final concentration of 4 mM. At the fifth day in culture, 0,
1.0, 5, or 10 uM MPP* (Research Biochemicals-Sigma) was
added. Survival of neurons was evaluated at the seventh day in
culture by the double immunostaining of anti-TH (Boehr-

Abbreviations: MPP*, 1-methyl-4-phenylpyridinium; TCA, tricarboxylic acid; TH, tyrosine
hydroxylase; MAP2, microtubular associated protein 2; PDH, pyruvate dehydrogenase.
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Table 1. The effects of MPP*+ and ketone on cultured
mesencephalic neuron count

TH* neurons, /mm? MAP* neurons, /mm?2

MPP*, uM Control Ketones Control Ketones
0 65+ 6 64 =7 485 + 32 476 + 34
1 30 =3 46 + 6% 464 + 23 466 + 30
5 18+3 48 + 5% 514 = 25 549 * 29

10 10+ 3 30 = 6* 437 + 29 540 * 27

Values are mean cell counts/mm?2 = SEM (n = 20). * indicates a significant
difference from control at P < 0.05 as judged by Mann-Whitney U test.

inger) and anti-microtubular associated protein 2 (MAP2)
(Boehringer) as described (24).

Hippocampal Cultures. Hippocampal cells were dissected from
18-day embryonic rats for microisland cultures (23) and dis-
persed by gentle pipetting in neurobasal media (Life Technol-
ogies, Grand Island, NY) and centrifuged at 250 g for 10 min.
Cells were suspended in neurobasal media containing 1:50 B27,
0.5 mM L-glutamine, 25 uM D,L-glutamate, 100 units/ml peni-
cillin, and 100 mg/ml streptomycin at a cell density of 2 X 103
cells/ml. A 20-ul aliquot was placed in an eight-chamber LabTek
(Nunc-Nalge) culture dish coated previously with poly-D-lysine
and placed in an incubator for 4 h, after which 400 ul of media
was added. On days 2 and 4, half the media was exchanged. On

day 6, half the media was removed and mixed with 200 ul of
DMEM/F12. Na D-B-hydroxybutyrate was added to the mixed
media and 200 ul replaced in the well so as to create a
concentration within the well of 4 mM. Twelve hours later, half
of the media was replaced with DMEM/F12 with 100 pl of:
media only, media containing ketones, media containing 15 uM
fresh ABi_42 (Bachem), or a combination of the latter two. The
final concentration of ketones in the media was 4 mM and of
ABi—s2 5 pM. The effect of diluting neurobasal media with
DMEM/F12 was to raise the media Na' concentration from
78.4 mM to 139.5 mM, within the physiologically normal range
for extracellular fluid of 136 to 145 mM. At the same time, the
insulin concentration present in neurobasal media was decreased
to 1/3. These changes of inorganic ions toward more physiolog-
ical levels in the media increased the rate of neuronal death. The
cells were incubated from 1-36 h. The cells then were fixed with
4% paraformaldehyde in PBS for 10 min, permeabilized with 1%
acetic acid in 95% ecthanol at —4°C for 15 min, washed three
times with Dulbecco’s PBS, and blocked with BlockAce (Yuki-
jirushi, Tokyo). Neurons were stained with anti-MAP2 for 60
min. Unbound antibody was removed by washing with PBS for
10 min twice. A total of 150 ul of 75X diluted Vector fluorescein
anti-mouse IgG (Vector Laboratories) was added, and the wells
were shaken in darkness for 1 h. The wells were washed twice
with PBS. Ten minutes later the wells were mounted by using
Vectashield mounting medium ( Vector Laboratories). For stain-
ing of glia, antiglial fibrillary acidic protein (Boehringer) was
used in a similar procedure.

-
-

Fig. 1.

Anti-TH stain of day 7 of rat mesencephalic neuronal culture exposed to MPP* and ketones for 2 days. (A) Control culture of anti-TH-stained

mesencephalic neuronal cultures. (B) Cultures after addition of 5 uM MPP™, (C) after addition of MPP* and 4 mM ketone bodies, and (D) after addition of 4 mM
ketone bodies alone. Addition of 5 uM MPP™ to mesencephlic neuronal cultures resulted in a decrease in TH* cells, a disappearance of neurites, and a shrinkage
of cell body volume. Addition of 4 mM Na p-B-hydroxybutyrate to cultures containing 5 uM MPP™ reversed most of the effects of MPP*. The cell number and

cell body volume did not differ significantly from control. (Scale bar = 20 um.)
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Fig. 2. Time course of the effects of 5 uM AB1-12, 4 mM ketones, or the
combination on the survival of hippocampal neurons in culture. ®, The mean
control cell number/mm?2 with error bar indicating the SEM where n = 12. All
statistical tests performed were Mann-Whitney U tests, and significance was
takento be P < 0.05.0, The mean cell number after exposure to AB1-4; A after
exposure to 5 uM ABj_s2 + 4 mM p-B-hydroxybutyrate and A after exposure
to 4 mM p-B-hydroxybutyrate alone. Exposure to 5 uM AB1_4; significantly
decreased the cell number compared with controls at 8 and 14 h as indicated
by #. Addition of 4 mM p-B-hydroxybutyrate to cells exposed to 5 uM AB1_42
increased the cell number compared with exposure of AB1_4, alone at 8, 14,
and 36 h as indicated by *. Addition of ketone bodies alone increased the cell
number compared with controls as indicated by +. Our study therefore
confirmsthe previous reports of the toxicity of AB1-42to cultured hippocampal
neurons (28). In addition we show that ketones not only reverse the toxicity of
APB1-42, but act as a growth factor for neurons in culture.

Fig. 3.

Results

Effects of Ketone Bodies on MPP+ Toxicity in Mesencephalic Neuronal
Cultures. Addition of 1-10 uM MPP™ to cultured mesencephalic
cells for 2 days decreased the mean cell count of TH™ cells at all
concentrations tested (Table 1). Addition of 4 mM of Na
D-B-hydroxybutyrate, the reduced form of the ketones, signifi-
cantly increased the survival of TH* neurons at all concentra-
tions of MPP™ tested (Table 1). Because MPP* only acts on
neurons with a dopamine transporter, there was no effect of
MPP* or ketones on the number of MAP2-staining neurons in
these mesencephalic cultures. In addition to decreasing the TH*
cell number, exposure to 5 uM MPP™ decreased the outgrowth
of neurites, whereas ketones reversed this effect (Fig. 1).
Table 1 shows that ketones act as neuroprotective agents
against the toxicity of MPP* on TH* dopaminergic neurons in
culture but have no effect on the more numerous MAP2*
neurons lacking the dopamine uptake system. Antiglial fibril-
lary acidic protein staining indicated that glial cells comprised
fewer than 5% of the total cell number in both types of culture.

The Toxic Effects of AB1-42 on Hippocampal Neurons in Culture Were
Reversed by p-B-Hydroxybutyrate. In preliminary experiments, we
tried doses of AB;_4; from 2.5, 5.0, 7.5, to 10 uM. A dose of
2.5 uM ApBi_4 resulted in no difference in cell count from
control after 8 h incubation; 5 uM A;_4, decreased cell counts
from 172 to 80 whereas control neurons without AB;_4, de-
creased from 170 to 110 over the same period. A dose of 10 uM
APBi_4y decreased cell number from 170 to fewer than 10.
Accordingly, we picked 5 uM ABj_s to study the effects of

-
-

The effects on cultured rat hippocampal cells of ABi_sy, ketones, or the combination. (A) The 6-day control cultures of 18-day embryonicrat hippocampal tissue;

(B) after 14 h exposure to 5 M AB1-s2, (C) after exposure to both AB_s2 and 4 mM p-B-hydroxybutyrate, and (D) the effects of ketone bodies alone. Addition of AB1-42
resulted in a decrease in neuronal number and number of neurites (B versus A). Addition of ketones to cells exposed to AB1-4; showed no decrease in neuron or neurite
number, indicating that ketones act as neuroprotective agents against the toxicity of AB1-42 on cultured hippocampal neurons (C versus B).
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Fig.4. The hypothesized effects of ketones on metabolic blocks induced by AB1-4, and MPP*. Usually brain entirely depends for energy on the mitochondrial
metabolism of pyruvate produced from glucose by the glycolytic pathway. AB1-42 is reported to stimulate the phosphorylation of the E1a subunit of PDH by
glycogen synthase kinase 33 (28). Phosphorylation of PDH blocks the conversion of pyruvate to acetyl CoA, which is required to fuel the TCA cycle, which provides
mitochondrial NADH needed to power electron transport. Ketones provide the only alternative source of acetyl CoA for brain during inhibition of the PDH
multienzyme complex. In so doing, ketone bodies not only increase mitochondrial acetyl CoA, citrate, and the first 1/3 of TCA cycle metabolites but also reduce
the free mitochondrial NAD couple and oxidize the mitochondrial coenyzme Q couple, causing an increase in the AG of ATP hydrolysis (21). The oxidation of
the coenzyme Q couple by ketones would tend to decrease the major source of mitochondrial reactive oxygen species, the semiquinone form of coenzyme Q
(27), while at the same time relieving product inhibition of NADH dehydrogenase (EC 1.6.5.3), accounting for the ability of ketones to decrease MPP* toxicity.

ketone bodies because this dose of AB;_4» gave a 50% decrease in
cell number in 8 h whereas control neurons decreased only 35%.

The exposure of 6-day cultured hippocampal neurons from
18-day-old embryos to 5 uM ApPi_4, for 14 h decreased cell
number (Fig. 2) and neurite number and length (Fig. 3B) in
comparison to control (Fig. 34). Addition of 4 mM D-B-
hydroxybutyrate to cells exposed to AB;_42 doubled the surviv-
ing cell number (Fig. 2) and increased cell size and neurite
outgrowth compared with cells exposed to AB;_4». This finding
shows that ketones may act as neuroprotective agents against
APi_4; toxicity (Figs. 2 and 3 B versus C). In addition, exposure
of cells to ketone bodies for 14 h increased both surviving cell
number (Fig. 3) and neurite number (Fig. 3D) compared with
control cells (Fig. 34), suggesting that ketone bodies can act as
growth factors to neurons in culture.

Discussion

The protection by ketones of hippocampal neurons exposed to
Api_42 or of mesencephalic neurons exposed to MPP* suggests
that mitochondrial dysfunction plays a significant role in both of

Kashiwaya et al.

these common neurological diseases. MPP* binds to one of two
ubiquinone binding sites of the NADH multienzyme complex
(17, 25), which is in the same domain as the rotenone and
piericidin A sites. Inhibition of NADH dehydrogenase, in addi-
tion to decreasing cell respiration, decreases mitochondrial
proton pumping (16) and increases free radical production, the
latter effect being correlated with cell death (26). The major
source of mitochondrial reactive oxygen species is the semiqui-
none form of reduced coenzyme Q (27). Ketone bodies not only
reduce mitochondrial [NAD*]/[NADH] but increase mitochon-
drial [Q]/[QH2] (20, 21). The oxidation of the coenzyme Q
couple should, by decreasing the semiquinone, decrease free
radical production. In the perfused heart, addition of ketone
bodies caused a reduction of the free cytosolic NADP couple
(R.L.V., unpublished work), which controls the redox state of
glutathione, the major detoxifying agent for H>O». The oxidation
of the coenzyme Q couple should decrease product inhibition of
NADH dehydrogenase while decreasing free radical production,
accounting for ketones’ ability to decrease MPP* toxicity.
How ketones overcome the toxicity of AB;_42 is not immedi-
ately obvious. There are reports however, suggesting that AB;_42
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activates glycogen synthase 3 kinase (28, 29), which phosphor-
ylates the Ela subunit of the pyruvate dehydrogenase (PDH)
multienzyme complex. Our findings that ketones can ameliorate
A4 toxicity are compatible with the ability of ketones to
bypass a block at mitochondrial PDH (Fig. 4). Ketones are the
physiological means of overcoming PDH inhibition, resulting
from a lack of insulin stimulation (20), and ensure the continuing
function of the TCA cycle and hence the provision of NADH, the
major substrate required for electron transport and ADP phos-
phorylation. Mitochondrial function has increasingly been rec-
ognized to play a central role in cell death. Opening of the
mitochondrial voltage-dependent anion channel by the proapo-
ptotic protein Bax is an early event in apoptosis (30). Mutations
in mitochondrial DNA are known to result in a wide variety of
rare neurological diseases with pleotropic manifestations (31).
Abnormalities in mitochondrial proteins encoded by genomic
DNA in Friedreich’s ataxia lead to increased free radical for-
mation and a deficiency of mitochondria ATP production (32).
However, an increase in the efficiency of mitochondrial energy
generation has not been thought to be important in the most
common neurological diseases. Our observation that ketones
offer neuroprotection in cell culture models of the two most
common degenerative neurological diseases has several impor-
tant implications.

Despite the genetic and pathophysiological diversity in the
etiology of Alzheimer’s and Parkinson’s diseases, our finding
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that ketones can protect neurons in culture models of these
diseases is compatible with previous suggestions that the two
conditions have common features (15). Clinically intermediate
forms of dementia, specifically Lewy body dementia, share
common features, and Parkinsonism is significantly associated
with dementia and pathologically characterized by Lewy bodies
in the substantia nigra. The Lewy body aggregates of a-synuclein
and ubiquitin, while differing in protein composition from the
B-amyloid plaque, suggest that both conditions share a common
defect in protein degradative processing that may be related to
defective mitochondrial energy generation. This inference is
compatible with the earlier reports of increasing AB;_42 depo-
sition associated with impairment of energy metabolism (13, 14),
hypoperfusion (11), or trauma (10).

Another implication of our finding is that elevation of ketones
may offer neuroprotection in the treatment or prevention of both
Alzheimer’s disease, where therapy is lacking, and Parkinson’s
disease, where therapy with L-dopa is time limited. The high-fat
ketogenic diet used in childhood epilepsy may not be suitable for
use in adults because of its atherogenic potential; however,
alternative dietary sources of ketones produced biotechnologi-
cally (33) may overcome this difficulty and provide benefit
without the undesirable side effects of current ketogenic diets.
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