
Increased Lactate Levels and Reduced pH in Postmortem Brains
of Schizophrenics: Medication Confounds

Nader D. Halim1,2, Barbara K. Lipska3,*, Thomas M. Hyde3, Amy Deep-Soboslay3, E. Michael
Saylor, Mary Herman3, Jay Thakar2, Ajay Verma2, and Joel E. Kleinman3

1 Graduate Program in Molecular and Cell Biology, Uniformed Services University of the Health Sciences,
Bethesda, MD 20814

2 Department of Neurology, Uniformed Services University of the Health Sciences, Bethesda, MD 20814

3 Clinical Brain Disorders Branch, Division of Intramural Research Programs, National Institute of Mental
Health, National Institutes of Health, Bethesda, Maryland 20892-1385, USA

Abstract
A number of postmortem studies have found decreased pH in brains of patients with schizophrenia.
Insofar as lower pH has been associated with decreased mRNA expression in postmortem human
brain, decreased pH in schizophrenia may represent an important potential confound in comparisons
between patients and controls. We hypothesized that decreased pH may be related to increased
concentration of lactic acid. However, in contrast to the previous notion that an increase in lactic acid
represents evidence for primary metabolic abnormalities in schizophrenia, we hypothesized that this
increase is secondary to prior antipsychotic treatment. We have tested this by first demonstrating that
lactate levels in the cerebellum of patients with schizophrenia (n=35) are increased relative to control
subjects (n=42) by 28%, p=0.001. Second, we have shown that there is an excellent correlation
between lactate levels in the cerebellum and pH, and that this correlation is particularly strong in
patients (r=− 0.78, p=3e-6). Third, we have shown in rats that chronic haloperidol (0.8 mg/kg/day)
and clozapine (5 mg/kg/day) increase lactic acid concentration in the frontal cortex relative to vehicle
(by 31% and 22% respectively, p<0.01). These data suggest that lactate increases in postmortem
human brain of patients with schizophrenia are associated with decreased pH and that these changes
are possibly related to antipsychotic treatment rather than a primary metabolic abnormality in the
prefrontal cortex of patients with schizophrenia.

Introduction
Postmortem brain research is important in elucidating the pathophysiology of neurological and
neuropsychiatric conditions. The interpretation of the results of postmortem studies must be
evaluated carefully as the observed changes may be primary to the disease or may be the
secondary effects of disease or medication or other confounding factors. For instance, a
common feature of brain tissue from a number of cohorts of schizophrenic patients is a
decreased brain pH relative to controls (Eastwood and Harrison 2005; Lipska et al 2006;
Prabakaran et al 2004; Torrey et al 2005). The cause of the decreased pH is unclear, however.
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It may arise from differences in the manner of death between patients with schizophrenia and
controls, premortem acidosis, medication-induced alterations, or it may reflect a primary
feature of schizophrenia.

Recent studies have found altered expression of metabolic genes and altered levels of
metabolites in the cerebrospinal fluid of live patients with schizophrenia (Holmes et al 2006,
Huang et al 2007) and in the postmortem brain tissues of schizophrenia patients (Altar et al
2005; Prabakaran et al 2004; Prabakaran et al 2007). One of the postmortem studies reported
altered transcription of genes in a large number of metabolic pathways and increased lactate
levels in the prefrontal cortex (PFC) of patients with schizophrenia (Prabakaran et al 2004).
The authors hypothesized that altered energy metabolism constitutes the “vulnerability” of the
PFC and, when combined with a variety of genetic and/or epigenetic factors, results in the
deficits that characterize schizophrenia. The authors argued that decreased pH and increased
lactate levels are not postmortem artifacts but may underlie the pathophysiology of
schizophrenia.

As antipsychotics induce numerous changes in metabolism both in vitro (Ferno et al 2005;
Minet-Ringuet et al 2007; Vallejo-Illarramendi et al 2005) and in vivo (Bettinger et al 2000;
Dwyer et al 2001; Newcomer 2004; Newcomer and Haupt 2006; Newcomer et al 2002), we
hypothesized that increased lactate concentrations observed in postmortem brains of patients
with schizophrenia are the result of treatment with antipsychotics and not a primary feature of
the disease. Moreover, we hypothesized that increased lactic acid concentrations would be
associated with decreased pH and perhaps decreased gene expression, and thus constitute an
important confound in postmortem gene expression studies. To elucidate the significance of
increased lactate concentrations in the postmortem brains of schizophrenic patients, we
investigated whether increased lactate concentrations were found in the cerebellum, whether
lactate levels correlated with cerebellar pH, and RNA integrity and expression of mRNA of
housekeeping genes in the hippocampus and prefrontal cortex. Finally, we tested whether
postmortem brain lactate levels were increased in the frontal cortex of rats chronically treated
with haloperidol or clozapine.

Materials and Methods
Human Subjects

Human brain specimens were collected in the Section on Neuropathology of the Clinical Brain
Disorders Branch at the National Institute of Mental Health (NIMH) through the Offices of the
Chief Medical Examiner of the District of Columbia and of Northern Virginia, after autopsy,
and through tissue donations via funeral homes. Informed consent to study brain tissue was
obtained from the surviving next-of-kin for all cases, according to Protocol #90-M-0142
approved by the NIMH/National Institutes of Health Institutional Review Board. A telephone
interview with the next-of-kin to gather basic demographic information and medical, substance
use, and psychiatric history was conducted within one week of donation. Detailed information
regarding diagnosis, antipsychotic medication history, neuropathology, toxicological analysis
and other information is described elsewhere (Lipska et al 2006) and the subcohort used in this
study is summarized in Table 1.

Drug Preparation
A stock solution of haloperidol (Sigma Chemicals, St Louis, MO) (20 mg/ml) was prepared
by heating 200 mg of haloperidol in 10 ml 1% lactic acid until dissolved. To obtain a solution
of 0.8 mg/ml haloperidol, the stock solution was diluted with distilled water and NaOH (1 N)
was added to adjust the final solutions to a pH of 5.1. Clozapine (Sigma Chemicals) was
prepared daily by dissolving 140 mg of clozapine in 0.6 ml of 1 N HCl with gentle heating,
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then diluting the solution with distilled water to 5 mg/ml and neutralized with 1N NaOH to a
pH of 5.1. Vehicle consisted of 0.1% lactic acid.

Animals and Drug Administration
Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) (n=15, weight 225–250 g) were
housed two per cage with ad libitum access to food and water. All procedures were performed
in accordance with the National Institutes of Health Guide for Use and Care of Laboratory
Animals. After a 1-week habituation period, animals were administered haloperidol 0.8 mg/
kg/day, n=5), clozapine (5 mg/kg/day, n=5) or vehicle (n=5) daily via intraperitoneal (i.p.)
injections. This dose regimen was chosen to emulate the therapeutic doses given to patients
(Kapur et al 2000). All animals were administered daily injections of drug or vehicle for 4
weeks. Rats were killed by decapitation, the brains were quickly removed, frontal cortex
dissected and quickly frozen on dry ice.

Tissue Preparation and Lactate Measurements
Rat frontal cortex and human cerebellar tissue samples tissue samples (1 g tissue : 10 mL buffer)
were homogenized in a protease inhibitor-Tris-glycerol extraction buffer (AEBSF 0.024%,
aprotinin 0.005%, leupeptin 0.001%, pepstatin A 0.001%, glycerol 50%, Tris 0.6%) and
centrifuged at 16,000 g for 20 minutes. Supernatant lactate measurements were obtained by a
standard colorimetric method on a CMA 600 microdialysis analyser using a lactate reagent kit
(CMA Microdialysis). This method has been widely used to measure the concentrations of
lactate in blood and other biological material (Marbach & Weil 1967). The method is based
on the enzymatic conversion of lactate to pyruvate by lactate oxidase and the formation of
hydrogen peroxide. Hydrogen peroxide is in turn used in a reaction with 4-chlorophenol and
4-amino-antipyrine and yields the red-violet colored quinoneimine. The rate of formation is
measured photometrically at 546 nm and is proportional to lactate concentration. The linear
range is 0.02 – 12 mmol/L and the accuracy below 5% CV (coefficient of variation).

Measurement of pH
A portion of the cerebellum was used for pH measurement, as previously described
(Romanczyk et al 2002). Briefly, tissue was pulverized over dry ice and 500 mg of tissue was
weighed and placed in ice-cold 5 mL of distilled H2O. Samples were homogenized for 15 s
using a 7-mm diameter generator probe with a processing range from 0.25 to 10 mLs (Omni
International, Gainesville, VA, USA), attached to a hand-held tissue homogenizer (model
OMNI TH, Omni International). The pH was measured on a model 370 PerpHeCT pH/ISE
meter (ATI Orion Analytical Technology, Boston, MA, USA) equipped with a PerpHect Ross
glass semimicro combination pH electrode (explicitly for tissue use) after a two-point
calibration at pH 4.0 and pH 7.0. The pH was read for each sample and the electrode was rinsed
twice with distilled H2O between samples.

Statistical Analysis
Two-tailed Student’s t-tests were used to examine if diagnostic groups (normal controls and
schizophrenics) differed in variables such as brain pH, postmortem interval (PMI), and age.
Multiple regression analysis was used for determining the contribution of multiple variables
to pH. Pearson’s coefficients of correlation were calculated to examine if lactate levels were
associated with age, pH, PMI, or any measure of antipsychotic treatment (i.e. daily, lifetime,
or last chlorpromazine equivalents). Two-way ANCOVA was used to determine the effects of
smoking and diagnosis on lactate and a one-way ANCOVA was used to determine whether
lactate was different between groups of patients with positive and negative toxicology. A one-
way ANOVA, followed by Fisher PLSD post hoc tests were used to test the effects of
haloperidol and clozapine administration on lactate levels in the rat frontal cortex.
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Results
Lactate Levels in Postmortem Human Brain

Patients with schizophrenia had significantly higher levels of lactate in the cerebellum
compared to controls (by 28%, t= − 3.4, p = 0.001; Fig. 1). Furthermore, pH of the cerebellar
tissue was significantly lower in patients as compared with controls (t = 2.7, p = 0.02; Table
1).

To assess the contribution of other variables to pH, we performed forward stepwise multiple
regression analysis using lactate, age, sex, pH, post-mortem interval (PMI), smoking history
(“yes” or “no”), agonal state (“short” or “extended”), manner of death (“natural” or “other”)
and diagnosis as predicting variables in the whole cohort and then separately in subjects with
schizophrenia (see Lipska et al 2006 for detailed definitions of these variables). The results
showed that the only factor that contributed significantly to pH was the lactate level (adj R2

adjusted coefficients of determination = 0.36 and 0.56; β standardized regression coefficients
= − 0.59 and − 0.69, p < 1e-7 and 1e-5, for the whole cohort and patients, respectively).

In the follow-up separate Pearson’s correlation analyses, cerebellar lactate levels correlated
inversely with pH (r = − 0.61, p = 1e-5; Fig. 2A). This correlation was stronger in a group of
patients with schizophrenia (r = − 0.71, p = 3e-6) than in normal controls (r = − 0.41, p < 0.001).
There was a weak positive correlation of lactate levels with age at death (r = 0.32, p < 0.01;
Fig. 2B). Correlations with age were similar in both diagnostic groups (r = 0.22 and 0.20,
respectively). Lactate levels did not correlate with PMI (r = 0.04, p > 0.45; Fig. 2C).

In patients, lactate did not correlate with any measure of antipsychotic treatment, i.e, last (r =
0.03; Fig. 3A), daily (r = 0.03; Fig. 3B), or lifetime doses (r = 0.14; Fig. 3C) expressed in
chlorpromazine (CPZ) equivalents in milligrams. Moreover, lactate levels were not different
between groups of patients with schizophrenia showing positive toxicological results for
antipsychotic medication at the time of death (n = 19) and those showing negative toxicology
results (n = 13), p > 0.3, suggesting that most recent medication intake vs recorded treatment
did not differentially predict lactate levels.

Although as mentioned above in multiple regression analysis, lactate but not smoking was a
determining factor in the prediction of the cerebellar pH, we additionally tested whether
smoking affected lactate levels differently in patients and controls. In a two-way ANCOVA
with smoking and diagnosis as independent factors, age as a covariate and lactate as a dependent
variable, we found that there was a significant effect of diagnosis (F = 13.6, p = 0.0004), no
significant effect of smoking and no significant smoking by diagnosis interaction (both F values
< 1, p values > 0.5), suggesting that smoking was not affecting lactate levels. Similarly, in two-
way ANOVAs with diagnosis and either agonal state or manner of death, diagnosis was
significant (F > 5.0, p < 0.01) but neither agonal state or manner of death had significant effects
on lactate levels (F < 1.0, p > 0.5).

Cerebellar Lactate Levels, RNA quality and Gene Expression
In order to test whether lactate levels predicted quality of RNA and mRNA expression, we
used archival data from the white and grey matter dorsolateral prefrontal cortex (DLPFC) and
hippocampus (methods and data collection described in Lipska et al 2006). We found
significant negative correlations between cerebellar lactate levels and RNA integrity number
(RIN) in the hippocampus (r = − 0.4, p = 0.001) and white matter DLPFC (r = − 0.31, p =
0.009) but not grey matter DLPFC (r = − 0.17, p 0.19). Expression of two housekeeping genes,
porphobilinogen deaminase (PBGD) in the hippocampus and β-glucuronidase (GUSB) in grey
matter DLPFC, correlated negatively with cerebellar lactate levels (r = − 0.30 and − 0.24,
respectively, p < 0.01). Other housekeeping genes (β-actin ACTB, β-2-microglobulin B2M)
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in the DLPFC or hippocampus did not show significant correlations, suggesting that the effects
may be tissue and transcript-specific.

Lactate levels in rats treated with antipsychotics
ANOVA revealed a significant effect of antipsychotic treatment on lactate concentrations
F(2,12) = 11.1, p = 0.002; Fig. 4). Post hoc analysis showed that both drugs, haloperidol at 0.08
mg/kg (by 31%, p = 0.0005) and clozapine at 5mg/kg (by 22%, p = 0.01), significantly increased
lactate concentrations in the frontal cortex as compared to vehicle (Fig. 4).

Discussion
We have expanded a previous finding of increased lactate levels in patients with schizophrenia
to the cerebellum (Prabakaran et al 2004). Moreover, we found that lactate levels were highly
correlated with pH, particularly in brains of patients with schizophrenia. Our findings of lactate
increases in the cerebellum indicate that the changes are more widespread than previously
suggested. Although we cannot rule out that these changes are related to primary metabolic
abnormalities in the prefrontal cortex of schizophrenics, we think that it is very likely that they
are secondary to antipsychotic treatment because of the increased lactate levels in the frontal
cortex of rats treated with antipsychotics.

The question arises as to how antipsychotics may lead to increased postmortem brain lactate
concentrations. It has been known for quite some time that monoamines regulate carbohydrate
metabolism not just in liver and heart (Sutherland and Rall 1960) but in brain (Hoffman et al
1973). Also, blocking or depleting monoamines results in increased brain glycogen (Hoffmann
et al 1973, Hutchins and Rogers 1971, 1973), although there are also reports suggesting more
complex relationships, especially in vivo (Nahorski & Rogers 1973). Thus, antipsychotics,
insofar as they block dopaminergic transmission, can be expected to increase brain glycogen
levels, which upon death will be converted rapidly to lactate. Despite a clear effect of both
clozapine and haloperidol on lactate concentrations in the rat frontal cortex, we have not found,
however, a correlation between lactate levels and chlorpromazine equivalents in patients,
calculated either as a last dose, daily dose or lifetime medication exposure. There are a number
of possible reasons for this lack of correlation, including the accuracy of the CPZ estimation.
Perhaps, more relevant is that the time course of the effect of antipsychotics on lactate levels
is unknown both in terms of the onset and the duration of the effects. Moreover, the effect may
not be linear. Given the fact that occupancy of at least 65% of dopamine D(2) receptors is
needed for clinical response to antipsychotics (Tauscher and Kapur 2001), it would not be
surprising that a majority of patients treated with antipsychotics will have elevated levels of
brain glycogen while alive and subsequently increased lactate levels postmortem.

The correlation of lactate levels with age is also noteworthy. Given that brain glycogen is almost
exclusively localized to astrocytes (Suh et al 2007), one would expect that postmortem lactate
concentrations would increase with age as do the numbers of astrocytes. This is precisely what
has been seen in our study. Insofar as advanced age and antipsychotic treatment may be
associated with high lactate concentrations, the effect of antipsychotics on lactate levels may
appear particularly exaggerated in elderly patients with schizophrenia.

Our pervious data strongly suggested that smoking status was associated with lower pH (Lipska
et al. 2006). We have thus previously interpreted lower pH in schizophrenia as the result of
increased incidence of smoking in patients. Our lactate data suggest, however, that increased
lactate levels, and not smoking, is the best predictor of low pH. Smoking may still contribute
to the effect but this contribution appears to be small and did not reach significance in this
study when lactate data were also included in the multiple regression analysis.
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Brain pH, along with other factors including agonal state and RNA integrity measures, is used
as an indicator of tissue quality (Bahn et al 2001; Harrison et al 1995; Johnston et al 1997;
Tomita et al 2004; Lipska et al 2006). A number of postmortem studies using brains of patients
with schizophrenia have found reduced brain pH. Our results suggest that lower brain pH is
associated with postmortem increases in lactate, and that both seem to be secondary to
antipsychotic treatment. Given previous data that pH predicts mRNA expression (Atz et al
2007), and that cerebellar lactate levels are inversely correlated with the integrity of RNA and
the expression of a number of genes in other brain regions, including the hippocampus and
prefrontal cortex, these measures represent a significant confound that needs to be identified
and co-varied for in future studies.

In summary, our results suggest that medication-induced increase in lactate concentration may
account for lower postmortem pH observed in patients with schizophrenia. Further studies are
required to elucidate the mechanism of antipsychotic-induced changes in carbohydrate
metabolism and subsequent changes in postmortem lactate levels.
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Figure 1.
A scatter plot of lactate levels (mmol/L) in the cerebellum of control subjects (n = 42) and
schizophrenic patients (n = 35). Lactate levels are significantly higher in patients with
schizophrenia than control subjects (p = 0.001).
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Figure 2.
(A) Lactate levels are highly correlated with pH (r = −0.53), (B) weakly correlated with age
(r = 0.29), (C) and not significantly correlated with postmortem interval (PMI; r = 0.04).
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Figure 3.
Lactate levels are not significantly correlated with last (A), daily (B), or lifetime (C)
chlorpromazine (CPZ) equivalents (0 < r < 0.1).
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Figure 4.
Lactate concentrations (mean ± SD) in the frontal cortex of rats treated with clozapine (5 mg/
kg), haloperidol (0.8 mg/kg), or vehicle (0.1% lactic acid) for 28 days. Chronic intraperitoneal
injections of haloperidol or clozapine significantly increased post mortem lactate levels relative
to vehicle-treated animals (*p < 0.01, significantly different from vehicle control).
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Table 1
Summary of Cohort Demographics

Subjects (n) Schizophrenia (35) Control (42) t test p-value
Age (years) 52.5 (18.3) 45.8 (12.5) 0.06
Sex (M/F) 21/14 28/14 -
Race (AA/Cauc/Other) 57.1%/ 42.9% 61.9%/ 31.0% / 7.1% -
pH 6.38 (0.35) 6.58 (0.33) 0.02
PMI (hours) 35.6 (16.2) 32.9 (16.2) 0.44
Manner of Death Nat=71.4%;

Suic=17.1%;
Acc=11.4%

Nat=83.3%;
Hom=7.1%;
Acc=9.5% -

Cigarette Smokers 82.9% 33.3% -
Age Onset Illness (years) 23.6 years - -
Lifetime Substance Abuse/Dep 57.1% - -
Daily CPZ Equivalent Dose (mg) 448 - -
Last CPZ Equivalent Dose (mg) 524 - -
Lifetime CPZ Equivalent Dose (mg) 3,938,291 - -
Abbreviations: M – male, F – female, AA – African American, Cauc – Caucasian, PMI – postmortem interval, Nat – natural death, Suic – suicide, Acc –
accident, Hom –homicide,
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