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Abstract

With the evolution of a relatively large brain size in haplorhine primates (i.e., tarsiers, monkeys,

apes and humans), there have been associated changes in the molecular machinery that delivers

energy to the neocortex. Here we investigated variation in lactate dehydrogenase (LDH)

expression and isoenzyme composition of the neocortex and striatum in primates using

quantitative Western blotting and isoenzyme analysis of total homogenates and synaptosomal

fractions. Analysis of isoform expression revealed that LDH in the synaptosomal fraction from

both forebrain regions shifted towards a predominance of the heart-type, aerobic isoforms, LDHB,

among haplorhines as compared to strepsirrhines (i.e., lorises and lemurs), while in total

homogenate of neocortex and striatum there was no significant difference in the LDH isoenzyme

composition between the primate suborders. The largest increase occurred in synapse-associated

LDH-B expression in the neocortex, displaying an especially remarkable elevation in the ratio of

LDH-B to LDH-A in humans. The phylogenetic variation in LDH-B to LDH-A ratio was

correlated with species typical brain mass, but not encephalization quotient. A significant LDHB

increase in the sub-neuronal fraction from haplorhine neocortex and striatum suggests a relatively

higher rate of aerobic glycolysis that is linked to synaptosomal mitochondrial metabolism. Our

results indicate that there is differential composition of LDH isoenzymes and metabolism in

synaptic terminals that evolved in primates to meet increased energy requirements in association

with brain enlargement.
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INTRODUCTION

During the course of primate evolution, changes in metabolic genes have accompanied brain

size expansion (Horrobin 1998; Grossman et al. 2001; Grossman et al. 2004; Uddin et al.

2008; Goodman and Sterner 2010). There are several strategies for meeting the energetic

demands of a large brain and they can be manifested differentially across taxa (Barrickman

and Lin 2010, Navarrete et al. 2011). One metabolic strategy involves greater use of lactate

as a neuronal fuel. It has been demonstrated that conversion of lactate to and from pyruvate

is governed by specific lactate dehydrogenase (LDH) isoforms, thereby forming a highly

adaptable metabolic intermediate system (Brooks 2002; Castro et al. 2009). Furthermore, it

has been suggested that the brain's ability to produce and use lactate can be locally regulated

by changing LDH-A/LDH-B gene activity ratios and controlling subunit composition of

LDH isoenzymes, allowing the brain to optimize use of energy resources and metabolism

(Ross et al. 2011).

The subunits of lactate dehydrogenase (LDH; L-lactate:NAD+ oxidoreductase, EC 1.1.1.27)

exist as two major structural forms, usually referred to as A and B, respectively, which give

rise to five different isozymes of the tetrameric molecule in higher vertebrates. The

differences in the properties of the LDH isozymes are dependent on their subunit

composition and are most exaggerated between the homotetramers A4 (LDH-5) and B4

(LDH-1).

LDH is a key enzyme in the control of energy metabolism, catalyzing the interconversion of

pyruvate to lactate and regulating the levels of these metabolites in accordance with oxygen

availability. LDH is therefore at the junction between glycolysis, the metabolic pathway that

converts glucose into pyruvate, and the tricarboxylic acid cycle, a series of enzyme-

catalyzed chemical reactions that form a key part of aerobic respiration in cells. Two

proteins, A (so-called “muscle type”) and B (so-called “heart type”), are the products of the

genes LDH-A and LDH-B, respectively, and the LDH enzyme may be composed of the

following five isoenzymes: B4, B3A, A2B2, BA3 and A4.

According to the compositional ratio of the two subunits in a tetramer and its five

isoenzymes in vivo, total LDH activity exhibits distinct physical and catalytic properties.

The high concentrations of pyruvate present in anaerobic tissues can be effectively reduced

to lactate by the A4 and A3B1 isoenzymes, while the B4 and B3A1 isoenzymes are

inhibited by such high levels of pyruvate. On the other hand, the B4 and B3A1 isoenzymes

are able to catalyze efficiently the interconversion of low concentrations of pyruvate and

lactate, as present in aerobic tissues, because of their high affinity for these substrates.

Pyruvate reconverted from lactate is then further converted to acetyl-CoA and irreversibly

committed to entering the citric acid cycle.

Duka et al. Page 2

Brain Behav Evol. Author manuscript; available in PMC 2015 March 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The observation of variable LDH isoenzyme distributions in different tissues led to

hypotheses regarding possible function (Dawson et al. 1964; Fondy and Kaplan 1965). The

two most common isoforms, LDH-A and LDH-B, have overlapping tissue expression across

mammals, with LDH-B predominantly expressed in the heart and LDH-A expressed in

skeletal muscle (Nisselbaum and Bodansky 1959; Plagemann et al. 1960; Vesell 1961;

Vesell and Bearn 1961; Charpentier and Goutefongea 1964; Hinks and Masters 1964; Latner

and Skillen 1964; Hinks and Masters 1965; Goodman et al. 1969; Koen and Goodman 1969;

Beebee and Carty 1982; Milne and Doxey 1987).

The expression profile of these two isoenzymes in brain also shows marked variation across

species and more pronounced differences in certain regions of the brain than in others

(Lowenthal et al. 1961; Nisselbaum and Bodansky 1961; Syner and Goodman 1966;

Goodman et al. 1969; Koen and Goodman 1969). Among haplorhine primates with

relatively large brain sizes, the shift from LDH-A to LDH-B is especially pronounced in the

neocortex and corpus callosum as compared to smaller brained strepsirrhines (Goodman et

al. 1969). For instance, it was shown that LDH-A is richest in the strepsirrhine Lorisoidea,

especially in their cerebral cortical regions, which have 3-4 times more LDH-A than the

aerobic B type of LDH, whereas LDH-B is more highly expressed in the cerebral cortex of

haplorhine species, including humans, other apes, and monkeys (Lowenthal et al. 1961;

Nisselbaum and Bodansky 1961; Syner and Goodman 1966; Goodman et al. 1969; Koen

and Goodman 1969).

Furthermore, recent studies on the distribution of LDH-A and LDH-B support the theory of

metabolic compartmentalization and have reported that there is selective, or even exclusive,

enrichment of LDH-B in neurons and LDH-A in astrocytes (Bittar et al. 1996; Laughton et

al. 2000; Pellerin et al. 2003). For the most part, however, these studies have determined

expression of RNA message for the A and B subunits, rather than determining the actual

level and distribution of the isoenzymes in brain cells.

The current research explores variation among species in LDH isoenzyme expression to

determine the pattern of metabolic changes in the evolution of the forebrain of primates.

Specifically, we examined LDH isoenzyme expression in the synaptosomal, neuronal

enriched fraction, as well as in total homogenates from the neocortex and striatum of

different primate species.

MATERIALS AND METHODS

Sources of samples

Frozen brain samples from nonhuman primates were acquired from naturally deceased or

humanely euthanized animals from various zoos and research facilities. All protocols were

approved by the relevant institutional animal care and use committees or scientific advisory

committees. All brains were collected within 14 hours of the animal's death. No pathology

was observed in the brain on routine examination and no individual showed neurological

symptoms before death. Each brain was stored at −80 °C prior to use in this study. The

taxonomic composition and full details of the age and sex distribution of the samples are

shown in Table 1. For each individual, two independent tissue samples, approximately
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100-150 mg each were dissected from the right parietal cortex and striatum without thawing.

Both samples from each region for each individual were processed independently and then

used for protein extraction and further analysis. At least two independent analyses were

performed on isolated synaptosomes and two pieces of the parietal cortex were taken for

each experimental setup and for each biochemical analysis.

For statistical analyses, the sample was divided into three phylogenetic groups:

strepsirrhines (including lemurs and lorises), “monkeys” (including New World monkeys

and Old World monkeys), and hominids (including humans and chimpanzees). Even though

the New World and Old World monkeys are paraphyletic, we pooled data from these species

for certain statistical analyses in order to increase sample size and because they share a

somewhat similar brain size. We also analyzed the results divided into the primate

suborders: Strepsirrhines and Haplorhines.

Materials

L-lactate (lithium salt) and all other chemicals were purchased from Sigma Chemical (St.

Louis, MO, USA). NativePAGE Novex Bis-tris Gel System kit was purchased from

Invitrogen (Carlsbad, CA, USA). All reagents and chemicals were of the highest analytical

grade quality. Solutions for the protein assay were purchased from Bio-Rad (Hercules, CA,

USA).

Preparation of synaptosomal –enriched fraction

Synaptosomal fractions were prepared from the dissected brain samples by two different

methods: (1) sucrose density gradient centrifugation, and (2) synaptic vesicle

immunoisolation (data not shown in this manuscript). Detailed procedures for preparation of

synaptosome-enriched fractions can be found in the Supplemental Methods. These two

experimental protocols were compared mainly on the basis of protein yield after the

purification procedure. Synaptosomal purity was assessed by Western blot analysis of the

presynaptic marker, synaptophysin (SYP), and the glial marker, glial fibrillary acidic protein

(GFAP). To quantify the extent of LDH isoenzymes colocalization, we scanned the films

and measured the band densities with Scion Image software (Scion Corp., Frederick, MD,

USA).

Isoenzyme analysis: electrophoresis and staining

LDH isoenzyme patterns were determined by previously published methods (Leiblich et al.

2006). Briefly, the LDH isoenzymes in the subcellular fractions from the cerebral cortex

samples were separated on NativePAGE Novex Bis-tris Gel System (Invitrogen; Carlsbad,

CA, USA). Regions of LDH activity were made visible by using a staining solution

containing: 0.1 M sodium lactate, 1.5 mM NAD, 0.1 M Tris-HCl (pH 8.6), 10 mM NaCl, 5

mM MgCl2, 0.03 mg/ml phenazinmethosulphate (PMS) and 0.25 mg/ml

nitrobluetetrazolium (NBT). The assay relies on the conversion of lactate to pyruvate, with

the production of NADH and H+. The NADH then reduces PMS, which in turn reduces

NBT to give an insoluble product, diformazan. Protein extracted from human heart and

skeletal muscles served as positive controls and were obtained from Novus Biologicals.

LDH isoenzyme bands were identified by comparison of retention time to standards.
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Individual bands were quantified by densitometry. Values for individual isoenzymes are

expressed as the percent of total isoenzyme (the sum of the densitometry of all isoenzymes

in that sample), and reflect the mean ± standard deviation (SD) of three gels.

Western blot analysis

Samples obtained from all protocols were analyzed by Western blots with 4-12% SDS-

PAGE (Invitrogen, NP0322BOX). Western blot assays were performed as described

previously (Sherwood et al., 2010). The following primary antibodies were used for

immunoblotting: anti-LDH-A (1/1000, Santa Cruz, sc- 27230), anti-LDH-B (1/500, Novus

Biologicals, NB100-79987), and anti-LDH (1/1000, Santa Cruz, sc-133123). Antibodies

were characterized in detail before being used for research (see the Supplemental Material).

The blots were also probed with antibodies against cell-specific marker proteins: anti-GFAP

(glial marker, 1/1000, Santa Cruz, sc-9065) and anti-SYP (presynaptic neuronal marker,

1/1000, Abcam, ab14692). For detection of antibodies, appropriate peroxidase-conjugated

secondary antibodies were used in conjunction with enhanced chemiluminescence

(Amersham Pharmacia Biosciences) to obtain images saved on film. The signals were

quantitatively evaluated with Scion Image software. Equal protein loading was confirmed

with anti-β-actin antibody (1/1000, Santa Cruz Biotechnology, sc-1616). Protein bands were

scanned using an EPSON Perfection 4870 Photo scanner and quantitatively analyzed by

Scion Image software.

Representative Western blots and zymograms

The samples for the representative Western blots as well as zymograms presented in figures

were comprised of a mixture of total homogenates pooled from the species represented

larger phylogenetic group. To account for blot-to-blot variation in exposure and film

development, three concentrations of a blotting standard were loaded onto each gel. The

standard comprised a mixture of protein samples from two human inferior frontal gyri. The

intensity of the bands for each unknown sample was normalized to this standard and

quantified with Scion Image software.

Enzyme-linked immunosorbent assay (ELISA)

For the quantitative determination of LDH-A and LDH-B relative concentrations in total

brain homogenates and sub-cellular fractions, the quantitative enzyme immunoassay

technique was used with commercially available antibodies against two LDH isoforms.

Details of the protocol can be found in Supplemental Methods.

Calculation of aerobic status, the percent value of LDH subunits, and statistical analysis

The LDH-B/LDH-A ratio, or aerobic status (Koen 1969; Koen 1971), was calculated as the

densitometry of LDH-B expression divided by LDH-A, adjusted by loading control levels.

The percent value of LDH subunits in the zymograms was calculated from the measured

intensities of the LDH bands. The nonparametric Mann-Whitney U-test was used to

determine significant differences between the strepsirrhine and haplorhine groups. The

Kruskal–Wallis one-way analysis of variance test was used to examine differences between

LDH expressions in the following primates groups: strepsirrhines, “monkeys”, and apes.
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PAST statistical software (Hammer et al. 2001) was used for analyses. All data in figures

and tables are expressed as mean ± S.D. Pearson correlations were conducted on the optical

density values from isoenzyme, Western blot, and ELISA analyses to investigate the

relationship of protein expression in fractions of the neocortex and striatum. Statistical

significance is reported at α ≤ 0.05.

RESULTS

Expression changes of LDH-A and LDH-B in synaptosomal fractions

We used Western blotting and ELISA to identify phylogenetic differences in LDH isoform

expression profiles in synaptosomal fractions (Fig. 1). The two methods concordantly

revealed that LDH-B levels in synaptosomal fractions from the neocortex and striatum

varied significantly across species. In contrast, LDH-A levels also varied across species, but

showed an opposite pattern of decreasing expression in those species where LDH-B levels

were increased. Quantitative Western blot analysis demonstrated that neocortical

synaptosomal LDH-B expression level was elevated 2-fold in NWM, 6-fold in OWM, and

12-fold in chimpanzees and humans as compared to strepsirrhines. By contrast, LDH-A

level was decreased 1.5-fold in NWM, 2-fold in OWM and 4-fold in chimpanzees and

humans relative to strepsirrhines. (Fig. 1A and 1B, left column)

In the striatum there were also significant differences in LDH-B and LDH-A synaptosomal

protein levels among groups, but the magnitude of this variation was not as remarkable as

that observed in the neocortex. LDH-B expression level was elevated approximately 2-fold

in OWM, chimpanzees and humans, while LDH-A level was decreased 1.3-fold in NWM,

1.6-fold in OWM, and 2.8-fold in chimpanzees and humans, as compared to strepsirrhines

(Fig. 1A and 1B, right column). These results were further corroborated with ELISA (Fig.

1C).

Differences among species were not as pronounced when total tissue homogenates were

used in analyses. For example, Western blot analysis of total homogenates from neocortex

detected a relatively small difference in LDH-B expression level between the human and

chimpanzee groups versus strepsirrhines (1.7-fold increase; P = 0.11, Kruskal–Wallis test)

(Fig. 2A and 2B). Higher LDH-B expression level was identified by ELISA in total

homogenates of haplorhines neocortex (by 96%) and striatum (by 81%) as compared to

strepsirrhine primates (P ≤ 0.05, Mann-Whitney U-tests) (Fig. 2C). Additionally, no

significant differences in LDH-A between strepsirrhine and haplorhine groups were found in

either neocortex or striatum from total homogenates (P = 0.07 and P = 0.25, Mann-Whitney

U-test accordingly for neocortex and striatum) (Fig. 2A and 2B).

LDH isoenzyme patterns in the synaptosomal fraction shifted toward aerobic forms of
enzyme in the neocortex and striatum of haplorhine primates

Isoenzyme analysis of synaptosomal fractions and total homogenates revealed five

isoenzyme bands corresponding to the five possible tetrameric LDH isoforms (Fig. 3 and 4).

Densitometric analysis showed that both aerobic and anaerobic forms were present in

synaptosomal fractions from strepsirrhines and New World monkeys and Old World
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monkeys, whereas the anaerobic forms, LDH-BA3 and LDH-A4, were not found, or found

in trace concentrations, in the neocortex (Fig. 3A) and striatum synaptosomes of humans and

chimpanzees (Fig. 4A).

Regional differences were apparent in the levels of synaptosomal LDH isoforms among

primate taxa. As expected, synaptosomal fractions from strepsirrhine neocortex (Fig. 3A)

predominantly showed expression of the LDH-BA3 (44.3±4.3) isoenzyme, with a weaker

expression of LDH-B4 (14.2±2.6) and LDH-B3A1 (6.7±0.9). In contrast, synaptosomal

fractions from chimpanzees and humans displayed LDH-B4 (46.3±11.9) and LDH-B3A1

(27.5±6.8) as major forms, with no detectable levels of LDH-A3B1 and LDH-A4 (Fig. 3B).

Synaptosomal fractions from both New World and Old World monkeys displayed an equal

balance between the percentage of aerobic and anaerobic isoforms (Fig. 3C).

In the synaptosomes derived from the striatum of strepsirrhines, the highest level of

expression was for the LDH anaerobic form LDH-B1A3 (29.4±6.3) (Fig. 4A), and the

lowest expression was for the LDH aerobic form, LDH-B3A1 (11.0±2.7) (Fig. 4B). LDH

isoenzyme composition of chimpanzee and human striatal synaptosome samples showed an

increase in the amount of aerobic B forms, LDH-B4 (31.9±5.9) and LDH-B3A1 (29.9±4.2)

with a minor amount of anaerobic forms LDH-A3B1 (6.7±0.8) and LDH-A4 (4.9±0.5) (Fig.

4B and 4C).

In total homogenates, the occurrence of the five AB tetramers in all primates was evident,

with a predominance of LDH-A4 in strepsirrhine neocortex (28.3±5.2) (Fig. 3) and striatum

(33.4±5.5) (Fig. 4). Both New World and Old World monkeys have maintained almost the

same level LDH-A4 in the neocortex (22.2±5.6) and striatum (29.3±4.6); chimpanzees and

humans, on the other hand, predominantly demonstrated expression of LDH-B4 in neocortex

(30.6±5.7) and striatum (22.7±6.2) (Fig. 3 and Fig. 4).

Phylogenetic differences were observed in total neocortical homogenates from chimpanzees

and humans for LDH-B4, LDH-B3A (2.1-and 1.6-fold) and LDH-A4 and LDHA3B (2-and

1.9-fold) as compared to strepsirrhines (P ≤ 0.05, Mann-Whitney U-test and P ≤ 0.05,

Kruskal–Wallis test accordingly for aerobic and anaerobic LDH isoforms) (Fig. 3). In the

striatum, the level of LDH-B4 was increased (1.9-fold) in haplorhines as compared to

strepsirrhine primates, but this difference did not reach statistical significance (P = 0.15,

Mann-Whitney U-test) (Fig. 4).

The ratios of LDH-B to LDH-A in synaptosomal fractions from neocortex

The polypeptide ratio LDH-B/LDH-A signifies aerobic status (Koen 1969; Koen 1971) and

phylogenetic differences in the proportions of two kinds of LDH in primate brain regions

were shown previously (Goodman at al. 1969). Here we calculated the polypeptide ratio of

single isoforms, LDH-B/LDH-A (Western blot, isoenzyme analysis, and ELISA) for

neocortical and striatal brain fractions (see Table 2).

As estimated by these three different methods, LDH-B/LDH-A ratios differed markedly in

the synaptosomal neocortical fractions among primate taxa (Table 2). The average ratio, as

measured by Western blot, increased 5- to 10-fold across taxa, from 0.195 in strepsirrhines,
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to 0.484 in NWM, 3.256 in OWM, and 9.194 in chimpanzees and humans. The LDH-B/

LDH-A ratio in the synaptosome obtained from the striatum as measured by Western blot

also varied 2- to 3- fold with phylogeny, from a ratio of 0.520 in strepsirrhines, to 0.663 in

NWM, 1.588 in OWM, and 3.270 in chimpanzees and humans.

When results from Western blotting and ELISA methods were compared, a high correlation

of LDH-B/LDH-A ratio in synaptosomal fractions was obtained from the neocortex (r =

0.998, P = 0.0001) and striatum (r = 0.985, P = 0.0003). It should be noted that we were

unable to calculate the ratio of LDH-B to LDH-A by using isoenzyme analysis, due to an

inability to determine anaerobic A forms of LDH in the synaptosomal fractions from the

neocortex of chimpanzees and humans.

The ratio of LDH-B / LDH-B expression in total homogenates and synaptosomal fractions
versus brain size

We examined the association between the ratio of LDH-B/LDH-B expression in total

homogenates and synaptosomal fractions versus brain size in our comparative sample of

primates. For this analysis, we calculated species mean LDH-B/LDH-A ratio based on

Western blot and we obtained measures of species average brain mass and encephalization

quotient (EQ) from Boddy et al. (2012). For the three individuals in our sample that did not

have bran mass or EQ reported in the Boddy et al. (2012) dataset, we used brain masses

from other conspecifics that we have in our brain collection and we calculated an average

EQ from the congeners in the Boddy et al. (2012) dataset. To model the relationship, we fit

separate linear, quadratic, and cubic polynomial regressions to the LDH-B/LDH-A ratio

values as a function of brain mass or EQ. Results showed that all three polynomial

regressions for LDH-B/LDH-A ratio data against brain mass were significant and quadratic

functions had the lowest P values and therefore were selected as the best fit to the data (Fig.

5). The quadratic models for synaptosomal LDH-B/LDHA ratio were more highly correlated

with brain mass (neocortex: r2 = 0.925, F2,9 = 55.8, P < 0.001; striatum r2 = 0.970, F2,4 =

65.7, P = 0.001) than the total homogenate values (neocortex: r2 = 0.804, F2,9 = 18.5, P =

0.001; striatum r2 = 0.904, F2,4 = 18.8, P = 0.009). None of the polynomial regressions of

any LDH-B/LDH-A ratio data against EQ were significant.

DISCUSSION

Brain tissue has an exceptionally high metabolic rate and, unlike other tissues and organs,

cerebral metabolism may not be reduced without causing irreversible brain damage. Thus, it

is often asserted that evolutionary increase in brain size requires compensatory metabolic

adaptations (Armstrong 1983). Previous studies demonstrated that within the order Primates,

there are phylogenetic differences in the relative proportions of LDH isoenzymes among

brain regions (Goodman at al. 1969). The current study is the first examination of LDH

isoenzyme distribution among different primate species at the neuronal subcellular level in

neocortical and striatal tissue.

In humans, the adult brain comprises about 2% of total body weight, but utilizes about 20%

of the energy consumed by an individual (Chugani 1987; Jacobs et al. 1995). Prior to

adulthood, energy use by the brain is considerably higher, exceeding more than half the
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body's total energy budget. Keeping the brain supplied with energy is therefore a critical

function. Because the proportion of the body's total energetic budget that is allocated to the

brain is so large, evolutionary accommodations to alleviate this systemic energy stress are

suggested to have occurred, particularly in human evolution where brain size expansion has

been extreme (Aiello and Wheeler 1995; Aiello and Wells 2002). Substantial evolution on

the haplorhine lineage has taken place in the electron transport chain in the sequence of

protein complexes (Grossman et al. 2004) and in their expression level (Uddin et al. 2004).

Work on neuron-glia metabolic coupling (Pellerin and Magistretti 2004; Aubert et al. 2005;

Pellerin and Magistretti 2012) shows that astrocytes use glucose to produce lactate for

release to neurons, which in turn use lactate as their preferred substrate. Our previous work

showed that the proportion of glial cells relative to neurons increases in haplorhine primates

as overall brain size enlarges, with humans and other apes displaying the highest glia–

neuron ratios (Sherwood et al. 2006). Further significant evolutionary changes have taken

place through an increase in complexity of the synapse, in terms of the number of its

components, the timing of their expression, and the evolution of individual components

(Àlex Bayés et al. 2011).

Synaptosomal fractions were analyzed in the current study since there is increasing evidence

that lactate is synthesized within astrocytes and oxidative use of lactate for energy is highly

localized in synaptic terminals (O'Brien et al. 2007). In our research, synaptosomal fractions

were isolated from two regions of the primate forebrain, the neocortex and striatum, and

compared with total homogenates from these regions. By using Western blot and ELISA

techniques, significant phylogenetic and brain region-specific variation in single LDH-B and

LDH-A subunits were observed in synaptic protein-enriched fractions. In particular, the

relative enrichment of LDH-B in the synaptosome was detected in a manner that was

associated with brain size increase across primate phylogeny.

Differences in the LDH isoenzyme composition of synaptosomes and total homogenates

obtained from the primate neocortex and striatum were also determined by isoenzyme

analysis. The study of LDH heterogeneity in the total homogenate demonstrated that it

consists of five basic LDH isoenzymes: B4, B3A, A2B2, BA3 and A4. By contrast, in

synaptosomal fractions all five LDH isoenzymes were detected only in strepsirrhines, New

World monkeys and Old World monkeys. In synaptosome-enriched fractions from

chimpanzee and humans, LDH-A3B1 was slightly detectable and LDH-A4 was not

identified in synaptosomes from the neocortex; in the striatum of chimpanzees and humans

only trace amounts of anaerobic LDH isoforms were detected (Fig. 2). Our results are in

agreement with previously published results demonstrating selective enrichment of LDH-B

in isolated synaptic terminals (McKenna et al. 1993; McKenna et al. 1995; McKenna et al.

1998).

The most pronounced elevation of LDH-B expression was observed in the synaptosomal

fractions of chimpanzee and human neocortex, indicating that during evolution an increased

demand for efficient energetic allocation has accompanied modifications of the neocortex to

a greater extent than for the striatum. This more intensified energetic cost of neocortical

synapses in association with brain expansion, relative to those in the striatum, may be due to

the larger average somatic size of neocortical neurons as brains get larger (Sherwood et al.,
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2003; Kreitzer 2009), differences in the intrinsic bioenergetic or metabolic properties of

cortical and striatal synaptosomes (Choi et al. 2011), or selectively greater volumetric

enlargement of neocortex due to developmental timing (Rapoport 1990, Finlay and

Darlington 1995). Further research is needed to characterize the subcellular morphology of

neurons in the neocortex and striatum in different primate species that might drive energetic

demand.

We have demonstrated the predominance of aerobic isoforms in chimpanzee and human

neocortex, while anaerobic isoforms predominate in strepsirrhine neocortex. This suggests

that for haplorhine species synaptosomes utilize aerobic respiration as reported previously

(Kauppinen and Nicholls 1986; Lores-Arnaiz and Bustamante 2011). This can mostly be

explained by the presence of mitochondria in the synaptosomal fraction. It is well known

that mitochondria play a key role in meeting the demands of neuronal synapses for energy

(ATP) (Lemire et al. 2008). This intimate relationship between lactate and the mitochondria,

therefore, likely imparts multiple benefits to a high-energy demanding organ like the brain

(Grossman et al. 2001; Herculano-Houzel 2011).

Different brain region-specific cellular mechanisms could be implicated in regulation of

intracellular LDH-A and LDH-B localization across primate species that can be exerted at

any step in the pathway of LDH isoenzyme gene expression or during protein turnover.

LDH subunits are encoded by two separate genes, LDH-A and LDH-B (Bittar et al. 1996),

and they are regulated differently and independently (Bunn and Poyton 1996; O'Brien J et

al. 2007). First, it is possible that relatively larger neurons in the neocortex of primates with

larger brains require specific responses to oxygen availability due to their intrinsic

bioenergetic properties involved with propagation of signals across a longer distance

(Sherwood et al., 2006). In contrast to the LDH-B gene, the LDH-A gene possesses hypoxia

recognition sites in its promoter sequence, responsive to a hypoxia-inducible transcription

factor (HIF-1) (Bunn and Poyton 1996) that is known to upregulate LDH-A levels under

hypoxic conditions (Semenza et al. 1996). A second mechanism is LDH-B promoter

hypermethylation and the consequences of loss of protein expression. Numerous studies

have shown that hypermethylation of normally unmethylated CpG dinucleotides located in a

gene promoter is associated with gene silencing at the transcriptional level (Gagneux and

Varki 2001; Das and Singal 2004). Preliminary data shows differential utilization of

conserved CpG methylation of the LDH-B gene between human and dwarf lemur (Duka et

al. 2010).

Other key components facilitate lactate uptake and utilization by neurons. One is the high-

affinity proton-linked monocarboxylic acid transporter MCT2 that is associated with nerve

endings (McKenna et al. 1998; Hertz and Dienel 2005); it is one of a family of 14 that have

different substrate affinities and brain distributions (Brooks 2002; Pellerin and Magistretti

2004). Another of this transporter family, MCT1, has been shown to exist in a complex with

LDH and a chaperone protein, CD147, in association with COX on the mitochondrial inner

membrane (Hashimoto et al. 2006). This finding supports the lactate shuttle and explains the

oxidative catabolism of lactate.
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LDH has been long known to exhibit different kinetics such that LDH-A more rapidly

converts pyruvate to lactate than LDH-B, and LDH-B is more susceptible to inhibition by

pyruvate (Dawson et al. 1964). These properties are important in the metabolic support they

provide for the operation of the lactate shuttle since pyruvate can be converted to acetyl-

CoA, via pyruvate dehydrogenase, which then enters the tricarboxylic acid cycle for aerobic

respiration. Conversely, conversion of pyruvate to lactate regenerates NAD+ from NADH,

which promotes glycolysis. Thus, the distribution of LDH types reported here can be related

to metabolic features of their compartments. It is noteworthy that distinct synaptosome sub-

populations are differentially susceptible to bioenergetic failure under conditions of

increased energy demand (Choi et al. 2009).

In conclusion, LDH isoforms have distinct expression patterns in neocortex and striatum

subcellular fractions of primate species, which is correlated with variation in total brain size.

These differences may contribute to divergent lactate dynamics and oxidative capacities in

synaptic terminals and may have driven metabolic remodeling from ‘anaerobic-glycolytic’

to ‘aerobic, oxidative phosphorylation enhanced’ metabolism during primate brain

evolution.
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Figure 1.
Comparative analyses of LDH isoenzyme expression levels in synaptosomal fractions from

the neocortex and striatum A) A representative immunoblot showing LDH isoenzymes in

the neocortical and striatal synaptosomal fractions. An isoform indifferent antibody was

utilized to detect the total level of LDH and to serve as an internal loading control. B) The

densitometry evaluated level of LDH-A and LDH-B proteins, as determined by Western

blot, are shown. C) Bar graphs show relative LDH isoenzymes level as measured by ELISA

in neocortical and striatal synaptosomes. * and # symbols indicate P ≤ 0.05 for Mann-

Whitney U-test between strepsirrhines and haplorhines for fractional LDH-A and LDH-B

levels, respectively. ^ and & indicate P ≤ 0.05 for Kruskal–Wallis test among strepsirrhines,

“monkeys”, and chimpanzees and humans for LDH-A and LDH-B, respectively.
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Figure 2.
Comparative analyses of LDH isoenzyme expression levels in total homogenates from the

neocortex and striatum A) A representative immunoblot showing LDH isoenzymes in the

neocortical and striatal total homogenates. An isoform indifferent antibody was utilized to

detect the total level of LDH and to serve as an internal loading control. B) The

densitometry evaluated level of LDH-A and LDH-B proteins, as determined by Western

blot, are shown. C) Bar graphs show relative LDH isoenzymes level as measured by ELISA

in neocortical and striatal total homogenates. * and # symbols indicate P ≤ 0.05 for Mann-

Whitney U-test between strepsirrhines and haplorhines for fractional LDH-A and LDH-B

levels, respectively. ^ and & indicate P ≤ 0.05 for Kruskal–Wallis test among strepsirrhines,

“monkeys”, and chimpanzees and humans for LDH-A and LDH-B, respectively.
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Figure 3.
LDH isoenzyme patterns from the synaptosomal neocortical fractions and total

homogenates. A) Representative zymogramms from two fractions, synaptosomal and total

homogenates isolated from the neocortex. LDH isoenzyme tetrameric composition (right

side) indicates the number of A (anaerobic) and B (aerobic) subunits that constitute each

isoenzyme. Quantification of the relative amount of protein subunits was achieved by

scanning gels as described in experimental procedures. The values obtained by

densitometric analysis of the blotted LDH isoenzymes are reported as isoform composition

(B) and as proportion of predominantly A or B forms, or A2B2 forms (C). * symbol

indicates that the difference in the values of strepsirrhines vs. haplorhines was significant

(Mann-Whitney U-test, P ≤ 0.05). # symbol indicates that the Kruskal-Wallis test showed

significant differences among the following primates groups: strepsirrhines, “monkeys”, and

chimpanzees and humans (P ≤ 0.05).
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Figure 4.
LDH isoenzyme patterns from the synaptosomal striatal fractions and total homogenates. A)
Representative zymogramms from two fractions, synaptosomal and total homogenates

isolated from the primate striatum. LDH isoenzyme tetrameric composition (right side)

indicates the number of A (anaerobic) and B (aerobic) subunits that constitute each

isoenzyme. Quantification of the relative amount of protein subunits was achieved by

scanning gels as described in experimental procedures. The values obtained by

densitometric analysis of the blotted LDH isoenzymes are reported as isoform composition

(B) and as proportion of predominantly A or B forms, or A2B2 forms (C). * symbol

indicates that the difference in the values of strepsirrhines vs. haplorhines was significant

(Mann-Whitney U-test, P ≤ 0.05). # symbol indicates that the Kruskal-Wallis test showed

significant differences among the following primates groups: strepsirrhines, “monkeys”, and

chimpanzees and humans (P ≤ 0.05).
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Figure 5.
Analysis of LDH ratio versus brain mass. Graphs show the association between the ratio of

LDH-B / LDH-B expression in total homogenates (A) and synaptosomal (B) fractions

versus brain mass across primates. A cubic spline is fit to the data from total homogenates

and the best fit quadratic function is fit to the data from synaptosomes.
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Table 1

Characteristics of primate species, brain regions examined, and methods used

SPECIES AGE (years) SEX Brain Regions Experimental methods

Western Blot Isoenzyme Analysis ELISA

Striatum Yes Yes Yes

Lorises

Red slender loris (Loris tardigradus) 18.4 M Neocortex Yes Yes NO

Striatum NO NO NO

Pygmy slow loris (Nycticebus pygmaeus) 14 M Neocortex Yes Yes NO

Striatum NO NO NO

Pygmy slow loris (Nycticebus pygmaeus) 10 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Lemurs

Blue-eyed black lemur (Eulemur flavifrons) 18.1 F Neocortex Yes Yes NO

Striatum NO NO NO

Ring-tailed lemur (Lemur catta) 15 F Neocortex Yes Yes NO

Striatum NO NO NO

Ring-tailed lemur (Lemur catta) 24 F Neocortex Yes Yes Yes

New World monkeys

White fronted spider monkey (Ateles
belzebuth)

36 F Neocortex Yes Yes NO

Striatum NO NO NO

White-faced saki (Pithecia pithecia) 10 F Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Squirrel monkey (Saimiri sciureus) 30 F Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Old World monkeys

Olive baboon (Papio anubis) 6.5 F Neocortex Yes Yes NO

Striatum NO NO NO

Rhesus macaque (Macaca mulatta) 23.3 F Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Rhesus macaque (Macaca mulatta) 24.5 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Rhesus macaque (Macaca mulatta) 13.2 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Rhesus macaque (Macaca mulatta) 15.67 F Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Pigtailed macaque (Macaca nemestrina) 15.6 M Neocortex Yes Yes NO

Striatum NO NO NO

Hominoids

Chimpanzee (Pan troglodytes) 31.2 M Neocortex Yes Yes NO
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SPECIES AGE (years) SEX Brain Regions Experimental methods

Western Blot Isoenzyme Analysis ELISA

Striatum Yes Yes Yes

Striatum NO NO NO

Chimpanzee (Pan troglodytes) 22.4 F Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Chimpanzee (Pan troglodytes) 26.4 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Chimpanzee (Pan troglodytes) 22.9 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Chimpanzee (Pan troglodytes) 31.2 M Neocortex Yes Yes Yes

Striatum NO NO NO

Human (Homo sapiens) 73 M Neocortex Yes Yes NO

Striatum NO NO NO

Human (Homo sapiens) 78 F Neocortex Yes Yes NO

Striatum NO NO NO

Human (Homo sapiens) 46.4 F Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Human (Homo sapiens) 51.2 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes

Human (Homo sapiens) 49.4 M Neocortex Yes Yes Yes

Striatum Yes Yes Yes
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