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Toxoplasma gondii Effects on the Relationship of Kynurenine Pathway Metabolites to Acoustic Startle Latency in Schizophrenia vs. Control Subjects
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Background: Chronic infection with Toxoplasma gondii (TOXO) results in microcysts in the brain that are controlled by inflammatory activation and subsequent changes in the kynurenine pathway. TOXO seropositivity is associated with a heightened risk of schizophrenia (SCZ) and with cognitive impairments. Latency of the acoustic startle response, a putative index of neural processing speed, is slower in SCZ. SCZ subjects who are TOXO seropositive have slower latency than SCZ subjects who are TOXO seronegative. We assessed the relationship between kynurenine pathway metabolites and startle latency as a potential route by which chronic TOXO infection can lead to cognitive slowing in SCZ.

Methods: Fourty-seven SCZ subjects and 30 controls (CON) were tested on a standard acoustic startle paradigm. Kynurenine pathway metabolites were measured using liquid chromatography-tandem mass spectrometry were kynurenine (KYN), tryptophan (TRYP), 3-hydroxyanthranilic acid (3-OHAA), anthranilic acid (AA), and kynurenic acid (KYNA). TOXO status was determined by IgG ELISA.

Results: In univariate ANCOVAs on onset and peak latency with age and log transformed startle magnitude as covariates, both onset latency [F(1,61) = 5.76; p = 0.019] and peak latency [F(1,61) = 4.34; p = 0.041] were slower in SCZ than CON subjects. In stepwise backward linear regressions after stratification by Diagnosis, slower onset latency in SCZ subjects was predicted by higher TRYP (B = 0.42; p = 0.008) and 3-OHAA:AA (B = 3.68; p = 0.007), and lower KYN:TRYP (B = −185.42; p = 0.034). In regressions with peak latency as the dependent variable, slower peak latency was predicted by higher TRYP (B = 0.47; p = 0.013) and 3-OHAA:AA ratio (B = 4.35; p = 0.010), and by lower KYNA (B = −6.67; p = 0.036). In CON subjects neither onset nor peak latency was predicted by any KYN metabolites. In regressions stratified by TOXO status, in TOXO positive subjects, slower peak latency was predicted by lower concentrations of KYN (B = −8.08; p = 0.008), KYNA (B = −10.64; p = 0.003), and lower KYN:TRYP ratios (B = −347.01; p = 0.03). In TOXO negative subjects neither onset nor peak latency was predicted by any KYN metabolites.

Conclusions: KYN pathway markers predict slowing of startle latency in SCZ subjects and in those with chronic TOXO infection, but this is not seen in CON subjects nor TOXO seronegative subjects. These findings coupled with prior work indicating a relationship of slower latency with SCZ and TOXO infection suggest that alterations in KYN pathway markers may be a mechanism by which neural processing speed, as indexed by startle latency, is affected in these subjects.
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INTRODUCTION

Schizophrenia (SCZ) is a devastating disease that often confers lifelong symptoms and disability upon its victims. Despite many decades of intensive research, the etiology and pathophysiology of this disorder remain perplexing. It is generally accepted that the etiology involves a complex relationship between genetic and environmental factors. Amongst environmental factors, interest in infectious illnesses as potential contributors to SCZ pathophysiology is gaining momentum (1, 2).

Toxoplasma gondii (TOXO) is a protozoan parasite that is able to infect most warm-blooded animals. It has a worldwide distribution and is the most common protozoan infection in the developed world (3). In the United States, ~13–20% of the population has been infected with TOXO (4, 5). Cats and other felines are the definitive hosts, but humans are among other mammals that serve as intermediate hosts (6, 7). Once a host is infected, the TOXO organism resides as microcysts in muscle and brain and likely remains there for the life of the host (6, 8, 9). Chronic TOXO infection is typically asymptomatic in immune competent people. However, importantly, two meta-analyses have shown that the risk for TOXO seropositivity was higher in patients with SCZ than in the general population with an odds ratio of 2.7; this finding was highly significant (95% confidence interval, 2.10–3.60; p < 0.000001) (10, 11). Since the original meta-analysis, the TOXO-SCZ association was replicated with 15 additional studies (12). Furthermore, otherwise asymptomatic TOXO infection is associated with cognitive impairments in human subjects, although the relationship is complex and may involve only certain cognitive domains (13–18).

There is a general consensus that an important mechanism by which an animal or human keeps chronic TOXO in check involves the tryptophan-kynurenine (KYN) pathway. TOXO infection elicits an induction of the cytokine interferon gamma (IFNγ), which in turn inhibits TOXO replication by depletion of tryptophan (TRYP) (7). The TOXO organism needs TRYP from the host milieu since it cannot synthesize this amino acid itself, and interferon gamma achieves local TRYP depletion by facilitating its degradation along the KYN pathway. Specific levels of downstream KYN metabolites depend in part on the location and activity of the enzymes along the pathway (19). KYN can be converted directly into kynurenic acid (KYNA), or down an alternative pathway yielding anthranilic acid (AA), 3-hydroxyanthranilic acid (3-OHAA) and finally into quinolinic acid (QUIN).

The acoustic startle response is a well-researched reflex following a sudden loud sound. It has been extensively researched in humans and in animal models of psychiatric disease, in part because virtually the same paradigm can be administered to rodents, monkeys, and humans. Preclinical research indicates that it is mediated by a simple subcortical neural circuit (20, 21). Latency of startle is the time between a startle eliciting stimulus and the response and is measured easily with millisecond (ms) precision. Because it is a pre-attentive reflexive response mediated by this simple circuit, it has been proposed as a putative measure of general speed of neural transmission (22). Latency is significantly slower in SCZ than control (CONT) subjects in most studies that have examined it (22–30), although some of the above studies only detected slowing of latency in trials with prepulse stimuli (23, 25, 29). There are a small number of studies that found no difference between SCZ and CON subjects (24, 31–33). Slower latency at baseline predicted which adolescent and young adult subjects at high risk for developing SCZ went on to convert to psychosis over a 2-years period in a multisite study of prodromal SCZ (34). Importantly for the current paper, latency was slower in TOXO seropositive than seronegative subjects, and this finding was evident both in SCZ and CON subjects in the cohort (35).

In further support of the relevance of startle latency to SCZ pathophysiology is emerging evidence that slower latency associates with poorer cognitive performance (26). We speculate that slowing of neural processing speed as indicated by slowing of startle latency could result in dysfunction of neural circuits that subserve cognition. Poorer cognitive performance, in turn, was associated with perturbations in molecules of the KYN pathway in humans (36). This is against a background of prior rodent work showing that stimulation of cortical kynurenic acid led to cognitive and sensory processing impairments (37–40), for which reason the KYN pathway has been proposed as a potential treatment target for cognitive deficits in SCZ (41). The current work was undertaken to investigate whether prolonged startle latency could be a mechanism by which KYN pathway alterations in the face of TOXO infection could lead to impaired cognition. To this end we assessed the relationship between kynurenine pathway metabolites and startle latency as a potential route by which chronic TOXO infection can lead to cognitive slowing in SCZ.



METHODS


Subjects

Forty-seven SCZ subjects and thirty controls (CON) were enrolled in this cohort from the Atlanta Veterans Administration Health Care System and the surrounding community. To be included in this analysis the subject must have completed all assessments. Subjects in the SCZ group had a diagnosis of schizophrenia or schizoaffective disorder as verified by a structured diagnostic interview with the Structured Clinical Interview for DSM-IV, Axis-I (SCID) (42). SCZ subjects were excluded if they were currently being treated with clozapine. Both SCZ and CON subjects were excluded if they had a heart attack or heart failure in the previous 6 months, infection requiring antibiotics in the prior 60 days, hospitalization for any medical (non-psychiatric) condition in the prior 60 days, or any condition requiring systemic steroid treatment in the prior 60 days. Further, they were excluded if they had a medical diagnosis known to impact the immune system (such as HIV, AIDS, rheumatoid arthritis, etc.). Significant cognitive deficiencies or any history of neurological disease including head trauma with a loss of consciousness >5 min, overt CNS infection, neurovascular trauma, or seizure disorder were also exclusionary. Prior to entry into the study, subjects were screened for both vision and hearing to ensure that they had at least 20/30 acuity binocularly, and could hear at least 35 dB in all frequencies >500 Hz. Further, given a significant differential in rates of TOXO infection by country of birth (4), this study only included individuals born within the USA.

Participants were excluded if they tested positive for an illegal substance by urine toxicology performed on the day of enrollment. Cigarette smoking (and nicotine vaping) was allowed, although the amount of nicotine consumption was assessed by means of the Fagerstrom Smoking Tolerance Questionnaire (43).



Startle Testing

Subjects participated in an acoustic startle session lasting 20 min where baseline startle magnitude and latency were evaluated using methods described in our previous work (22, 44), based on the standard startle protocol developed by Braff et al. (31). The eye-blink component of the acoustic startle reflex was measured via electromyography (EMG) of the right orbicularis oculi muscle. The three electrodes were placed as follows: 1 cm directly below the pupil of the right eye, 1 cm below the lateral canthus of the right eye, and on the mastoid behind the right ear. All resistances were <6 kΩ. EMG activity was recorded at 1-ms intervals for 250 ms following the onset of the startling stimulus for each trial. Subjects were seated in a sound attenuating audiology booth with eyes open and asked to look straight ahead for the duration of the test session.

Acoustic stimuli were delivered binaurally through headphones (Maico model TDH-39-P; Maico Diagnostics, Eden Prairie, MN). The startle paradigm began with 60 s of 70 dB white noise as an acclamation that continued as background for the remainder of the session. The startling stimuli were 116 dB white noise bursts, 40 ms in duration. Prepulse stimuli were 85 dB intensity white noise bursts of 20-ms duration. The session contained four trial types: pulse-alone trials, and prepulse+pulse trials with interstimulus intervals of 30, 60, or 120 ms between the prepulse and pulse stimuli. The session consisted of a habituation block of 6 pulse-alone stimuli, three blocks of 12 experimental stimuli, and concluded with another habituation block. Each experimental block consisted of three separate trials of each of the four trial types presented in pseudorandom fashion. Inter-trial intervals (ITI) were 10–25 s long with a mean of 15 s.

Data processing and reduction was carried out according to the methods of our prior work (22, 44). The signal was amplified and digitized using the computerized startle response monitoring system SR-Lab (San Diego Instruments, San Diego, CA). The signal was then full-wave rectified and subjected to a smoothing routine by the SR-Lab software that calculated a rolling average of 10 data points. The system calculated the baseline value as the average of the minimum and maximum EMG values recorded in the first 20 ms immediately following the startling stimulus. The onset of the blink response was defined as an increase of at least 7.33 μV (6 machine units) from the EMG value during the baseline period. Valid blink responses had to have an onset between 21 and 120 ms after the startling stimulus. To count as a valid blink, the peak magnitude of the blink response had to be a minimum of 12.21 μV (10 machine units) and had to occur no more than 95 ms after the onset of the response, and no more than 150 ms after the stimulus. The response magnitude was recorded as zero on trials in which the blink response was insufficient for scoring. For these trials, peak latency was also considered missing. Trials were discarded if the baseline EMG during the first 20 ms of recording was > 36.6 μV (30 machine units). For this paper we report analyses of onset and peak latency of the pulse-alone trials.



Sample Collection, Metabolite, and TOXO Analysis

Human blood was collected into both serum tubes and in chilled EDTA-coated tubes. Upon collection of the sample all tube types were inverted 5-7 times. Serum tubes were allowed to clot for at least 30 min prior to centrifugation. Serum samples were centrifuged at 1,250 rcf for 10 min or until separation was achieved. EDTA samples remained on ice until they were centrifuged at 2,000 rcf for 15 min at 4°C. Both serum and plasma samples were aliquoted into 1 mL cryovials and stored at −80°C prior to analysis for TOXO and metabolites.

Serum specimens were analyzed for TOXO IgG antibodies as per manufacturer's instructions (Bio-Rad, Catalog# 25175, Redmond, WA). For all subjects, a discrete titer and dichotomous seropositivity status was determined using a three-point curve of the blank, a weakly positive calibrator, and a strongly positive calibrator. TOXO serointensity was determined from a direct calculation of absorbance against this three-point curve. A concentration of >33 IU/mL was indicative of TOXO seropositivity, whereas a value >27 IU/mL, but <33 IU/mL was indicative of equivocality. A concentration <27 IU/mL was an indicator of negative seropositivity. TOXO seropositivity status was classified dichotomously with 1 = TOXO seropositive and 0 = TOXO seronegative. Those who were positive and those who were equivocal were grouped together due to the fact that those with the oldest infections tend to have the lowest concentration of antibodies (45).

TRYP and its catalytic products KYN, KYNA, AA, and 3-OHAA were analyzed in plasma samples using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Isotope dilution was also employed to increase the selectivity and sensitivity of the method. Prior to analysis, 200 μL of each plasma sample was spiked with an internal standard solution consisting of stable isotopically-labeled analogs of the target chemicals then the sample was mixed with 1 mL of 10% formic acid in water (v/v). The sample was loaded onto a Strata C18 solid phase extraction cartridge (500 mg/6 mL) (Phenomenex, Torrance, CA, USA) that had previously been conditioned with methanol and Milli-Q water. The cartridge was then washed with 1 mL of a mixture of methanol and Milli-Q water (10:90, v/v). The target compounds were eluted with 2 mL of methanol. The extract was evaporated to dryness under a gentle nitrogen stream and reconstituted with 100 μL of a mixture of methanol and water (1:49, v/v). A 2 μL volume of extract was injected onto an LC-MS/MS (Agilent Technology, Inc., Santa Clara, CA, USA). The target compounds were chromatographically separated using a Luna Pentafluorophenyl analytical column (3 μM, 4.6 × 100 mm) (Phenomenex). The mobile phase was Milli-Q water and methanol, both mixed with 1% formic acid. The target compounds were analyzed by a triple quadrupole MS (Agilent Technology, Inc.) using multiple reaction monitoring. The MS was operated in positive electrospray ionization mode. Nitrogen gas was used as a collision gas.

For each compound, two precursorproduct ion transitions were monitored, one of which was used for quantification and the other for confirmation. The quantification ions (m/z) were: 205188 (TRYP), 209192 (KYN), 154136 (3-OHAA), 190144 (KYNA), and 138120 (AA). One transition ion was monitored for each isotopically labeled analog that served as a reference standard and was used to automatically correct for extraction recovery.

Plasma samples were quantified using a 7-point, matrix-matched calibration curve ranging from 0.00391 to 3.906 μM. In each analytical run, the samples were analyzed alongside an analytical blank sample, as well as a low- and high-level quality control materials to ensure the proper operation of the analytical method. The method was successfully validated and had acceptable accuracy (i.e., within ±20%) and precision (i.e., <15% relative standard deviation) for all target compounds. The limits of detection were 3.906 μM for TRYP, 0.391 μM for KYN, and 0.00391 μM for KYNA, 3-OHAA, and AA. This method is able to generate values of the target compounds that are comparable to the ranges normally found in the human population.



Statistical Analyses

Startle onset and peak latency and magnitude means and standard deviations were calculated for Block 1. We focused on Block 1 because in subsequent blocks some subjects had diminishing numbers of startle blinks due to habituation. Prior to statistical analysis all variables were analyzed for normality and corrected through log transformation when appropriate. The log transformed variables included TOXO IgG concentration, AA, KYNA, and startle magnitude. Race was coded as dichotomous variable by including those of “Other” race (multiracial) into the White population for our analyses (0 = White/Other, 1 = Black). TOXO status was coded as a dichotomous variable (0 = seronegative, 1 = seropositive). Diagnosis was coded as a dichotomous variable (0 = CON, 1 = SCZ). For demographic variables, Fisher's exact or Chi square tests for dichotomous variables and student's t-tests for continuous variables were used to determine any significant differences between CON and SCZ subjects. The difference in the rate of TOXO status (seropositive vs. seronegative) between the two subject groups was tested by means of Chi square analysis. For ANOVA and regression models described below, a p < 0.1 was required for any given predictor to be retained in the final models. To compare TOXO serointensity between CON and SCZ subjects, two separate univariate ANOVAs (one run on seropositives, one run on seronegatives) were used with age, race, and sex as additional predictors (only age and Diagnosis were retained in the final model).

As descriptive analyses, univariate ANOVAs were computed for KYN pathway variables, to compare CON and SCZ subjects. These models were initially run with age, race, sex, and TOXO status as predictors in addition to Diagnosis (CON vs. SCZ). The non-significant predictor, race, was omitted from the final models.

As additional descriptive analyses, similar univariate ANOVAs were used to compare startle variables between the CON and SCZ groups. For latency, initial models included age, race, sex, TOXO status (seropositive vs. seronegative) and startle magnitude. However, due to a lack of significance of race, sex, and TOXO status, only age and startle magnitude were retained in the final models. In the model for startle magnitude we initially included age, race, sex, TOXO status, but only Diagnosis (SCZ or CON) was retained in the final model due to non-significance of other covariates. We also ran these models to examine differences in startle variables between CON and SCZ with TOXO serointensity substituted for TOXO status as a covariate. The final models for latency retained age and startle magnitude in addition to Diagnosis as the only significant additional covariates. In the final model comparing startle magnitude between CON and SCZ subjects with TOXO serointensity, age, race and sex were not significant so were omitted.

Next, as tests of our primary hypothesis, we conducted backward stepwise linear regressions with KYN pathway variables as dependent measures and TOXO serointensity as a predictor variable. These models included Diagnosis (CON or SCZ) along with age, race, and sex as additional predictors. The final models omitted sex as a predictor due to non-significance.

As secondary tests of our hypotheses, stepwise backward linear regressions were completed on the cohort split by either Diagnosis (SCZ or CON) or by TOXO status (seropositive or seronegative). Onset and peak latency were the dependent variables in our analyses. Our independent variables were age, race, sex, startle magnitude, and each kynurenine metabolite individually. For models split by Diagnosis, TOXO was included as an independent variable both dichotomously (positive vs. negative), and continuously as a log serointensity. For models split by TOXO status, Diagnosis was included as an independent covariate in the model. All metabolites and their respective ratios were run in each model individually to avoid collinearity. All statistics were completed using either SPSS v25 (Armonk, NY) or SAS Studio (Cary, NC).




RESULTS


Demographics and Ratings

Forty-seven SCZ subjects and 30 control subjects (CON) completed testing and are included in the cohort. Table 1 displays demographic and clinical variables for the sample. There was a significant difference between SCZ and CON subjects in race distribution (Fisher's exact test, p = 0.05). Age, sex distribution, and smoking status (smoker vs. non-smoker) did not differ significantly between CON and SCZ subjects.


Table 1. Demographic and clinical information by diagnostic group.

[image: Table 1]



Analyses of TOXO and Kynurenine Pathway Variables Between SCZ and CON Subjects

Table 2 shows the results for a comparison of TOXO status (seropositive vs. seronegative) between CON and SCZ subjects analyzed with Chi square; although percent of TOXO seropositives was higher in the SCZ group compared to the CON group, this difference was not statistically significant (Chi Square = 0.31; p = 0.576). TOXO serointensity was compared between CON and SCZ subjects separately for the seropositive and seronegative subjects by means of univariate ANOVAs with age, race, and sex as additional predictors. As shown in Table 2, the TOXO negatives did not differ significantly for serointensity between CON and SCZ subjects [F(1,55) = 2.33, p = 0.132; η2 = 0.041]. For the TOXO seropositives with SCZ serointensity was higher than CON, although this did not reach statistical significance [F(1,14) = 3.41, p = 0.086; η2 = 0.196].


Table 2. Kynurenines, TOXO status, and startle variables by diagnostic group.

[image: Table 2]

Table 2 displays the means for KYN pathway variables for CON and SCZ subjects. We conducted univariate ANOVAs with each KYN pathway variable as the dependent measure, Diagnosis as the between group variable, and age, sex, and TOXO status (seropositive vs. seronegative) as covariates. Values of KYN pathway variables and results of these analyses are shown in Table 2. Plasma TRYP was significantly higher in CON than SCZ subjects [F(1,69) = 5.40, p = 0.023; η2 = 0.073]. TOXO status in this model was also highly significant, with marginal means of TRYP in the TOXO+ subjects of 66.11 vs. 54.79 uM in the CON group [F(1,69) = 7.74, p = 0.007; η2 = 0.101]. Other KYN pathway markers did not significantly differ between CON and SCZ subjects.

In follow up to this TOXO finding, we conducted backward linear regressions with KYN pathway variables as dependent measures and TOXO serointensity as a predictor variable. These models included Diagnosis along with age and race as additional predictors. Higher TOXO serointensity was a significant predictor of TRYP (B = 9.85, p = 0.001). Diagnosis was also significant in this model such that higher TRYP was associated with the CON group (B = −8.68, p = 0.011). Higher TOXO serointensity predicted higher values for the 3OHAA:AA ratio (B= 0.65, p = 0.008). Regressions predicting other KYN pathway variables were not significant for TOXO serointensity.



Analyses of Startle Variables Between SCZ and CON Subjects

Table 2 displays the means for startle variables for CON and SCZ subjects. We conducted univariate ANCOVAs on onset and peak latency with age and log transformed startle magnitude as covariates. Race, sex, and TOXO status (seropositive vs. seronegative) as covariates were not significant so were omitted from the final models. Onset latency was slower in SCZ than CON subjects [F(1,61) = 5.76; p = 0.019; η2 = 0.087]. Log transformed startle magnitude was also significant in this model [F(1,61) = 35.38; p < 0.001; η2 = 0.37] and age was at a trend level of significance [F(1,61) = 3.26; p = 0.076; η2 = 0.051].

In a parallel model, peak latency was also slower in SCZ than CON subjects [F(1,61) = 4.34; p = 0.041; η2 = 0.066]. In this peak latency model, age was the only other significant predictor [F(1,61) = 6.61; p = 0.013; η2 = 0.098].

Although startle magnitude was not a main focus of the project, we conducted a univariate ANOVA to compare CON and SCZ subjects with log transformed startle magnitude to pulse-alone trials as the dependent variable. In the final model in which only Diagnosis was retained after non-significant predictors were omitted, SCZ subjects had a larger magnitude than CON [F(1,63) = 6.33; p = 0.014; η2 = 0.091]. TOXO status was not significant as a covariate in a preliminary model [F(1,62) = 0.60; p = 0.443; η2 = 0.010].

We ran a similar model with log startle magnitude as the dependent variable in order to compare SCZ to CON subjects, but in this model TOXO intensity was substituted for TOXO status. Again, SCZ had higher magnitudes than CON subjects [F(1,62) = 6.86; p = 0.011; η2 = 0.100]. TOXO intensity was non-significantly associated with higher magnitude [F(1,62) = 1.25; p = 0.268; η2 = 0.020].



Relationship of TOXO Serointensity to Diagnosis and Startle Variables

Because our underlying hypothesis was that TOXO serointensity could modify the relationship of latency to Diagnosis, we repeated the above models but substituted TOXO serointensity in place of TOXO status as a predictor. In the model examining onset latency as the dependent variable, Diagnosis was again significant such that latency in SCZ was slower than in CON subjects [F(1,60) = 5.15; p = 0.027; η2 = 0.079]. Again, log transformed startle magnitude was a significant predictor [F(1,60) = 33.87; p < 0.001; η2 = 0.36]. In the model examining peak latency as the dependent variable, Diagnosis was significant at a trend level such that latency in SCZ was slower than in CON subjects [F(1,60) = 3.96; p = 0.051; η2 = 0.062]. Age was a significant predictor in this model [F(1,60) = 5.76; p = 0.020; η2 = 0.088]. In these models TOXO serointensity was not a significant predictor of startle latency.



Relationship of Kynurenines and Startle Latency

To determine whether concentrations of KYN pathway metabolites were associated with startle latency, we conducted a series of stepwise backward linear regressions with onset or peak latency to pulse-alone trials as the dependent variables and kynurenine metabolites as the predictors. In these models we also included age, sex, race, and log transformed startle magnitude as covariates. For our initial models we analyzed all subjects as a single group. The regressions on onset and peak latency were all non-significant for KYN pathway markers with the exception that lower KYNA predicted slower peak latency (B = −4.65, p = 0.033).

Our hypothesis was that both diagnosis and TOXO status (seropositive vs. seronegative) would affect these relationships, so we conducted these analyses with the cohort stratified first by Diagnosis (and included TOXO status as a predictor), and then by TOXO status (and included Diagnosis as a predictor). Table 3 displays significant results of these linear regressions. After stratification by Diagnosis, slower onset latency in SCZ subjects was predicted by higher TRYP (B = 0.42; p = 0.008), lower KYN:TRYP (B = −185.42; p = 0.034), and higher 3-OHAA:AA (B = 3.68; p = 0.007). In regressions with peak latency as the dependent variable for the SCZ group, slower peak latency was predicted by higher TRYP (B = 0.47; p = 0.013) and 3-OHAA:AA ratio (B = 4.35; p = 0.010), and by lower KYNA (B = −6.67; p = 0.036). In CON subjects neither onset nor peak latency was predicted by any KYN metabolites. Additional predictors that were significant are shown in Table 3.


Table 3. Significant models for kynurenine pathway measures and diagnosis predicting startle latency in SCZ subjects.
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Figure 1 shows scatterplots of TRYP vs. startle latency for CON and SCZ subjects plotted separately. As can be seen in these graphs, the correlations were significant in SCZ but not CON subjects. R2 values indicated that TRYP accounted for 25 and 11% of the variability in onset and peak latency respectively in SCZ subjects but only 1 and 0.5% in CON subjects.


[image: Figure 1]
FIGURE 1. Scatterplots of tryptophan vs. startle latency for Control and Schizophrenia subjects plotted separately. R2 and p-values for the correlations are shown on the graphs. (A,C) Control subjects. (B,D) Schizophrenia subjects.


In regressions stratified by TOXO status, complementary results emerged, with statistically significant associations found only in the seropositive group. Slower onset latency was not significantly predicted by KYN metabolites. Among those in the TOXO positive group, Diagnosis was significant such that SCZ subjects had slower onset latency than CON subjects (B = 14.93; p = 0.018). For peak latency the regressions were more revealing (Table 4). In TOXO positive subjects, faster latency response was predicted by high KYN:TRYP ratio (B = −347.01; p = 0.03; and by high KYN itself (B = −8.08; p = 0.008) Likewise, faster latency was predicted by higher KYNA (B = −10.64; p = 0.003) (Table 4). Additional predictors that were significant are shown in Table 4.


Table 4. Significant models for kynurenine pathway measures predicting peak startle latency in TOXO seropositive subjects.
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Figure 2 shows scatterplots of KYN vs. startle latency for TOXO seronegative and seropositive subjects plotted separately. As can be seen in these graphs, the correlations were significant in seropositive but not seronegative subjects. R2 values indicated that KYN accounted for 28% of the variability in peak latency in seropositive subjects but only 0.1% in seronegative subjects.


[image: Figure 2]
FIGURE 2. Scatterplots of kynurenine vs. startle latency for TOXO seronegative and seropositive subjects plotted separately. R2 and p-values for the correlations are shown on the graphs. (A) Seronegative subjects. (B) Seropositive subjects.





DISCUSSION

The overarching purpose of this work is to dissect the interactions of TOXO seropositivity, indicators of KYN pathway activation, and latency of acoustic startle in SCZ and CON subjects. There are several significant findings from our study and some were contrary to our original hypothesis.

Latency was slower in SCZ than CON subjects, as has been reported previously by our group and others (22–30), although in the current analysis the numerical difference in onset latency between groups was quite small. We found higher startle magnitude in SCZ than CON subjects and included this variable (log transformed) in our models comparing latency between subject groups because the magnitude difference could introduce a potential confound into the comparison of latency.

Our findings on tryptophan levels were particularly interesting. Consistent with our hypothesis, controls had higher levels of tryptophan than the SCZ group. However, the levels of tryptophan among the CON group had no relationship with startle latency, which was in contrast to the SCZ group whereby higher levels of tryptophan were associated with longer onset and peak latency. This latter finding is unexpected since tryptophan depletion leads to enhanced dopaminergic responses (46), and startle latency is prolonged under conditions of increased dopamine stimulation or activity (47–49). Increased subcortical dopamine neurotransmission has long been accepted as a mechanism underlying SCZ (50–53). We hypothesized that lower TRYP would be associated with worse (slower) startle latency, but we found the opposite in the SCZ group.

Consistent with our findings in controls, a prior study found that tryptophan depletion had no significant effect on startle latency among healthy females (54). Thus, our finding of higher tryptophan correlating longer latency in the SCZ group could be specifically-related to schizophrenia. This could be connected to medication, since the slower latency in SCZ is partially normalized by antipsychotic medication (44). Nevertheless, medication status did not have a statistically significant association with any of the kynurenine metabolites (data not shown). Given that most of patients in the SCZ group were on antipsychotic medication, this suggests that the portion of startle latency that is prolonged in SCZ and is not normalized by medication shows a positive correlation with TRYP.

Moreover, in SCZ but not CON subjects longer latency was predicted by higher values of the 3-OHAA:AA ratio and lower KYNA. A higher 3-OHAA:AA indicates greater conversion of AA to 3-OHAA among those with slower latency. In contrast to the findings of Oxenkrug et al. (55), AA was not elevated in SCZ vs. CON in our study (55). A heightened conversion of AA to 3-OHAA may be an indicator of increased neurotoxicity (56), and there is a strong correlation between plasma AA and cerebrospinal fluid (CSF) AA levels (57). The association of lower KYNA with slower latency was unexpected but highlights the complex role of this metabolite in schizophrenia pathogenesis. There is a significant correlation between plasma and CSF concentrations of KYN (58), but KYNA does not cross the blood brain barrier (59, 60).

Previous studies indicate lower blood levels of KYNA in SCZ compared to controls (61–64). We likewise found KYNA levels were 30% lower in the SCZ group vs. the CON group, although our results did not reach statistical significance. Conversely, increased KYNA levels are found in the CSF of schizophrenia patients (65–67). It is also possible that the association between slowing of latency and KYN pathway markers is an indirect one mediated by inflammation, since slowing of latency is likewise associated with elevations in inflammatory cytokines (68). Although this connection between inflammation and early steps in the activation of the KYN pathway was not borne out by our TRYP findings, we considered the immunoregulatory function of KYNA in relation to startle latency. The KYNA product of this metabolic pathway is not strictly a pro-inflammatory mediator (69, 70), and Chiappelli et al. (64) reported no significant association between common inflammatory markers and plasma KYNA (64). Additional studies will be needed to disentangle the complex relationship between inflammation, KYN pathway regulation, SCZ and acoustic startle parameters.

A related objective of this study was to examine the contribution of TOXO to the KYN pathway in acoustic startle. CON subjects had higher TRYP than SCZ, and we anticipated that TOXO infection would be associated with a lower TRYP because TOXO infection elicits an immune response that relies on induction of the cytokine IFNγ, which in turn inhibits TOXO replication by depletion of TRYP (7). However, in models controlling for CON/SCZ status, TOXO was associated with higher TRYP. We also examined TOXO serointensity, which is an indicator of the IgG response to TOXO, and is often examined in relation to SCZ (1, 71, 72). TOXO serointensity (titer) and seropositivity are obviously related, because seropositivity is simply serointensity dichotomized at a predetermined cutoff. A higher serointensity is thought to be due to a more vigorous B-cell response, perhaps due to more recent infection or greater reactivation of the organism (73). Higher TOXO serointensity predicted higher TRYP levels, and higher values for the 3OHAA:AA ratio. Finally, in TOXO positive but not TOXO negative subjects, slower latency was predicted by lower concentrations of KYN, KYNA, and a lower KYN:TRYP ratio. This underscores that high TRYP has a disadvantageous effect on startle latency whereas high KYN is associated with better (faster) startle latency.

Our interest in examining startle latency in this context stems from several factors. Startle is mediated by a simple subcortical circuit (20, 21), and is a putative index of general neural processing speed (22). The preponderance of prior studies comparing SCZ to CON subjects have reported slowing of latency in SCZ (22–25, 27, 29, 30), although there are three negative studies (31–33). Relevant to the current work, TOXO seropositive subjects have slower latency than seronegative subjects, both amongst SCZ and CON subgroups (35). Slowing of startle latency is associated with slowing of psychomotor processing (68), and psychomotor slowing in turn is well-documented to occur in SCZ (74–77). We hypothesize that slowing of neural processing speed as indicated by slow latency may disrupt the normal function of neural circuits that underlie cognitive function. Hence slow startle latency as seen in SCZ and in chronic TOXO infection may be an underlying contributor to impaired cognition in SCZ and chronic TOXO infection. Nevertheless, our findings on TRYP were overall in the opposite direction as we hypothesized.

Another possibility is that the slowing of latency we report in our SCZ and TOXO seropositive subgroups is related to hyperdopaminergia rather than to a direct causal connection with the KYN pathway. Startle latency is prolonged under conditions of increased dopamine stimulation or activity (47–49). Increased subcortical dopamine neurotransmission has long been accepted as a mechanism underlying SCZ (50–53). There is considerable evidence of KYN pathway activation in SCZ irrespective of TOXO status (61, 65–67, 78–80). The slowing of latency in TOXO positive but not TOXO negative subjects could be from simultaneous hyperdopaminergia and a complex dysregulation of the KYN pathway in the TOXO seropositive subgroup. The TOXO organism possesses two genes that code for tyrosine hydroxylase, the rate limiting enzyme for the synthesis of dopamine (81). Furthermore, this enzyme is active in the host and may be one of the factors that leads to increased dopamine synthesis, contributing to a hyperdopaminergic state (7, 15).

This work has the strength of being a novel approach to understanding the neural underpinnings of the well-replicated association of TOXO chronic infection with SCZ risk. A weakness of the study is the relatively modest sample size, particularly of the TOXO seropositive subgroup. Furthermore, the subjects were drawn chiefly from the clinical population of an urban Veterans Administration hospital and thus may not be fully representative of other populations in the United States.

In summary, this work shows that KYN pathway markers predict slowing of startle latency in SCZ subjects and in those with chronic TOXO infection, but this is not seen in CON subjects nor TOXO seronegative subjects. Follow up work in preclinical models is needed in order to further understand the meaning of KYN pathway alterations and explore potential individualized treatment targets for a subset of SCZ patients.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Emory Institutional Review Board, Atlanta Veterans Affairs Office of Research and Development. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

BP and ED designed the study and obtained funding to conduct the study. Data were collected by NM, ZG, AA, NG, BC, and MF. KYN pathway metabolites were measured by DB, PP, and VB. TOXO IgG was measured by BP, NM, and AH. The data were analyzed and interpreted by BP, NM, DG, and ED. The manuscript was written by NM, ED, and BP. All authors reviewed and approved the final manuscript.



FUNDING

Supported by the Department of Veterans Affairs (Merit Review grant to ED, I01CX000974) and NIMH (R21MH117512 to BP and ED; R01 MH117315-01A1 to ED).



ACKNOWLEDGMENTS

Infrastructure support was provided by the Office of Research and Development, the Mental Health Service Lines, and the Center of Visual and Neurocognitive Rehabilitation at the Atlanta Veterans Affairs Health Care System, Decatur, GA. Additional infrastructure support was provided by the Department of Psychiatry and Behavioral Sciences of the Emory University School of Medicine, Atlanta, GA.



REFERENCES

 1. Sutterland AL, Fond G, Kuin A, Koeter MW, Lutter R, Van Gool T, et al. Beyond the association. Toxoplasma gondii in schizophrenia, bipolar disorder, and addiction: systematic review and meta-analysis. Acta Psychiatr Scand. (2015) 132:161–79. doi: 10.1111/acps.12423

 2. Kepinska AP, Iyegbe CO, Vernon AC, Yolken R, Murray RM, Pollak TA. Schizophrenia and influenza at the centenary of the 1918–1919 Spanish influenza pandemic: mechanisms of psychosis risk. Front Psychiatry. (2020) 11:72. doi: 10.3389/fpsyt.2020.00072

 3. Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals to humans. Int J Parasitol. (2000) 30:1217–58. doi: 10.1016/S0020-7519(00)00124-7

 4. Jones JL, Kruszon-Moran D, Wilson M, Mcquillan G, Navin T, Mcauley JB. Toxoplasma gondii infection in the United States: seroprevalence and risk factors. Am J Epidemiol. (2001) 154:357–65. doi: 10.1093/aje/154.4.357

 5. Jones JL, Kruszon-Moran D, Rivera HN, Price C, Wilkins PP. Toxoplasma gondii seroprevalence in the United States 2009–2010 and comparison with the past two decades. Am J Trop Med Hyg. (2014) 90:1135–9. doi: 10.4269/ajtmh.14-0013

 6. Vyas A, Sapolsky R. Manipulation of host behaviour by Toxoplasma gondii: what is the minimum a proposed proximate mechanism should explain? Folia Parasitol. (2010) 57:88–94. doi: 10.14411/fp.2010.011

 7. Webster JP, Mcconkey GA. Toxoplasma gondii-altered host behaviour: clues as to mechanism of action. Folia Parasitol. (2010) 57:95–104. doi: 10.14411/fp.2010.012

 8. Gonzalez LE, Rojnik B, Urrea F, Urdaneta H, Petrosino P, Colasante C, et al. Toxoplasma gondii infection lower anxiety as measured in the plus-maze and social interaction tests in rats A behavioral analysis. Behav Brain Res. (2007) 177:70–9. doi: 10.1016/j.bbr.2006.11.012

 9. Vyas A, Kim SK, Giacomini N, Boothroyd JC, Sapolsky RM. Behavioral changes induced by Toxoplasma infection of rodents are highly specific to aversion of cat odors. P Natl Acad Sci USA. (2007) 104:6442–7. doi: 10.1073/pnas.0608310104

 10. Torrey EF, Bartko JJ, Lun ZR, Yolken RH. Antibodies to Toxoplasma gondii in patients with schizophrenia: a meta-analysis. Schizophr Bull. (2007) 33:729–36. doi: 10.1093/schbul/sbl050

 11. Yolken RH, Torrey EF. Are some cases of psychosis caused by microbial agents? A review of the evidence. Mol Psychiatry. (2008) 13:470–9. doi: 10.1038/mp.2008.5

 12. Torrey EF, Bartko JJ, Yolken RH. Toxoplasma gondii and other risk factors for schizophrenia: an update. Schizophr Bull. (2012) 38:642–7. doi: 10.1093/schbul/sbs043

 13. Havlicek J, Gasova ZG, Smith AP, Zvara K, Flegr J. Decrease of psychomotor performance in subjects with latent 'asymptomatic' toxoplasmosis. Parasitology. (2001) 122:515–20. doi: 10.1017/S0031182001007624

 14. Flegr J, Preiss M, Klose J, Havlicek J, Vitakova M, Kodym P. Decreased level of psychobiological factor novelty seeking and lower intelligence in men latently infected with the protozoan parasite Toxoplasma gondii Dopamine, a missing link between schizophrenia and toxoplasmosis? Biol Psychol. (2003) 63:253–68. doi: 10.1016/S0301-0511(03)00075-9

 15. Yolken RH, Dickerson FB, Fuller Torrey E. Toxoplasma and schizophrenia. Parasite Immunol. (2009) 31:706–15. doi: 10.1111/j.1365-3024.2009.01131.x

 16. Pearce BD, Kruszon-Moran D, Jones JL. The association of Toxoplasma gondii infection with neurocognitive deficits in a population-based analysis. Soc Psychiatry Psychiatr Epidemiol. (2014) 49:1001–10. doi: 10.1007/s00127-014-0820-5

 17. Hamdani N, Daban-Huard C, Lajnef M, Gadel R, Le Corvoisier P, Delavest M, et al. Cognitive deterioration among bipolar disorder patients infected by Toxoplasma gondii is correlated to interleukin 6 levels. J Affect Disord. (2015) 179:161–6. doi: 10.1016/j.jad.2015.03.038

 18. Chegeni TN, Sarvi S, Moosazadeh M, Sharif M, Aghayan SA, Amouei A, et al. Is Toxoplasma gondii a potential risk factor for Alzheimer's disease? A systematic review and meta-analysis. Microb Pathog. (2019) 137:103751. doi: 10.1016/j.micpath.2019.103751

 19. Pedraz-Petrozzi B, Elyamany O, Rummel C, Mulert C. Effects of inflammation on the kynurenine pathway in schizophrenia—a systematic review. J Neuroinflammation. (2020) 17:56. doi: 10.1186/s12974-020-1721-z

 20. Lee Y, Davis M. A primary acoustic startle circuit: lesion and anatomical tracing studies. Soc Neurosci Abstracts. (1992) 18:1563.

 21. Koch M. The neurobiology of startle. Prog Neurobiol. (1999) 59:107–28. doi: 10.1016/S0301-0082(98)00098-7

 22. Hasenkamp W, Epstein MP, Green A, Wilcox L, Boshoven W, Lewison B, et al. Heritability of acoustic startle magnitude, prepulse inhibition, and startle latency in schizophrenia and control families. Psychiatry Res. (2010) 178:236–43. doi: 10.1016/j.psychres.2009.11.012

 23. Braff DL, Stone C, Callaway E, Geyer M, Glick I, Bali L. Prestimulus effects on human startle reflex in normals and schizophrenics. Psychophysiol. (1978) 14:339–43. doi: 10.1111/j.1469-8986.1978.tb01390.x

 24. Geyer MA, Braff DL. Habituation of the Blink reflex in normals and schizophrenic patients. Psychophysiol. (1982) 19:1–6. doi: 10.1111/j.1469-8986.1982.tb02589.x

 25. Ludewig K, Geyer MA, Etzensberger M, Vollenweider FX. Stability of the acoustic startle reflex, prepulse inhibition, and habituation in schizophrenia. Schizophr Res. (2002) 55:129–37. doi: 10.1016/S0920-9964(01)00198-0

 26. Massa N, Owens AV, Harmon W, Bhattacharya A, Ivleva EI, Keedy S, et al. Relationship of prolonged acoustic startle latency to diagnosis and biotype in the bipolar-schizophrenia network on intermediate phenotypes (B-SNIP) co Relationship of prolonged acoustic startle latency to diagnosis and biotype in the bipolar-schizophrenia network on intermediate phenotypes (B-SNIP) cohort hort. Schizophr Res. (2019) 216:357–66. doi: 10.1016/j.schres.2019.11.013

 27. Swerdlow NR, Light GA, Cadenhead KS, Sprock J, Hsieh MH, Braff DL. Startle gating deficits in a large cohort of patients with schizophrenia: relationship to medications, symptoms, neurocognition, and level of function. Arch Gen Psychiatry. (2006) 63:1325–35. doi: 10.1001/archpsyc.63.12.1325

 28. Swerdlow NR, Light GA, Thomas ML, Sprock J, Calkins ME, Green MF, et al. Deficient prepulse inhibition in schizophrenia in a multi-site cohort: internal replication and extension. Schizophr Res. (2018) 198:6–15. doi: 10.1016/j.schres.2017.05.013

 29. Weike AI, Bauer U, Hamm AO. Effective neuroleptic medication removes prepulse inhibition deficits in schizophrenia patients. Biol Psychiatry. (2000) 47:61–70. doi: 10.1016/S0006-3223(99)00229-2

 30. Braff DL, Swerdlow NR, Geyer MA. Symptom correlates of prepulse inhibition deficits in male schizophrenic patients. Am J Psychiatry. (1999) 156:596–602.

 31. Braff DL, Grillon C, Geyer MA. Gating and habituation of the startle reflex in schizophrenic patients. Arch Gen Psychiatry. (1992) 49:206–15. doi: 10.1001/archpsyc.1992.01820030038005

 32. Parwani A, Duncan E, Bartlett E, Madonick SH, Efferen TR, Rajan R, et al. Impaired prepulse inhibition of acoustic startle in schizophrenics. Biol Psychiatry. (2000) 47:662–9. doi: 10.1016/S0006-3223(99)00148-1

 33. Mackeprang T, Kristiansen KT, Glenthoj BY. Effects of antipsychotics on prepulse inhibition of the startle response in drug-naive schizophrenic patients. Biol Psychiatry. (2002) 52:863–73. doi: 10.1016/S0006-3223(02)01409-9

 34. Cadenhead SK, Duncan E, Addington J, Bearden CE, Cannon T, Cornblatt B, et al. Evidence of slow neural processing, developmental differences and sensitivity to cannabis effects in a sample at clinical high risk for psychosis from the NAPLS Consortium assessed with the human startle paradigm. Front Psychiatry Schizophr Sect. (2020) 11:833. doi: 10.3389/fpsyt.2020.00833

 35. Pearce BD, Hubbard S, Rivera HN, Wilkins PP, Fisch MC, Hopkins MH, et al. Toxoplasma gondii exposure affects neural processing speed as measured by acoustic startle latency in schizophrenia and controls. Schizophr Res. (2013) 150:258–61. doi: 10.1016/j.schres.2013.07.028

 36. Pearce BD, Gandhi ZH, Massa N, Goldsmith DR, Hankus A, Alrohaibani A, et al. Toxoplasma gondii effects on the relationship of kynurenine pathway metabolites to cognition in schizophrenia versus control subjects. Neuropsychopharmacol. (2019) 44:S335. doi: 10.1016/j.biopsych.2020.02.612

 37. Shepard PD, Joy B, Clerkin L, Schwarcz R. Micromolar brain levels of kynurenic acid are associated with a disruption of auditory sensory gating in the rat. Neuropsychopharmacol. (2003) 28:1454–62. doi: 10.1038/sj.npp.1300188

 38. Erhardt S, Schwieler L, Emanuelsson C, Geyer M. Endogenous kynurenic acid disrupts prepulse inhibition. Biol Psychiatry. (2004) 56:255–60. doi: 10.1016/j.biopsych.2004.06.006

 39. Chess AC, Simoni MK, Alling TE, Bucci DJ. Elevations of endogenous kynurenic acid produce spatial working memory deficits. Schizophr Bull. (2007) 33:797–804. doi: 10.1093/schbul/sbl033

 40. Chess AC, Landers AM, Bucci DJ. L-kynurenine treatment alters contextual fear conditioning and context discrimination but not cue-specific fear conditioning. Behav Brain Res. (2009) 201:325–31. doi: 10.1016/j.bbr.2009.03.013

 41. Wonodi I, Schwarcz R. Cortical kynurenine pathway metabolism: a novel target for cognitive enhancement in Schizophrenia. Schizophr Bull. (2010) 36:211–8. doi: 10.1093/schbul/sbq002

 42. First M, Spitzer RL, Gibbon M, Williams JBW. Structured Clinical interview for DSM-IV-TR Axis I Disorders. New York, NY: New York State Psychiatric Institute: Biometrics Research Department. (2001).

 43. Fagerstrom KO. Measuring degree of physical dependence to tobacco smoking with reference to individualization of treatment. Addict Behav. (1978) 3:235–41. doi: 10.1016/0306-4603(78)90024-2

 44. Fargotstein M, Hasenkamp W, Gross R, Cuthbert B, Green A, Swails L, et al. The effect of antipsychotic medications on acoustic startle latency in schizophrenia. Schizophr Res. (2018) 198:28–35. doi: 10.1016/j.schres.2017.07.030

 45. Kodym P, Machala L, Rohacova H, Sirocka B, Maly M. Evaluation of a commercial IgE ELISA in comparison with IgA and IgM ELISAs, IgG avidity assay and complement fixation for the diagnosis of acute toxoplasmosis. Clin Microbiol Infect. (2007) 13:40–7. doi: 10.1111/j.1469-0691.2006.01564.x

 46. Bortolato M, Frau R, Orrù M, Collu M, Mereu G, Carta M, et al. Effects of tryptophan deficiency on prepulse inhibition of the acoustic startle in rats. Psychopharmacology. (2008) 198, 191–200. doi: 10.1007/s00213-008-1116-9

 47. Naudin B, Canu S, Costentin J. Effects of various direct or indirect dopamine agonists on the latency of the acoustic startle response in rats. J Neural Transmission. (1990) 82:43–53. doi: 10.1007/BF01244833

 48. Svensson L. The role of the dopaminergic system in the modulation of the acoustic startle response in the rat. Eur J Pharmacol. (1990) 175:107–11. doi: 10.1016/0014-2999(90)90160-8

 49. Roussos P, Giakoumaki SG, Bitsios P. The dopamine D(3) receptor Ser9Gly polymorphism modulates prepulse inhibition of the acoustic startle reflex. Biol Psychiatry. (2008) 64:235–40. doi: 10.1016/j.biopsych.2008.01.020

 50. Matthysse S. Antipsychotic drug actions: a clue to the neuropathology of schizophrenia? Fed Proc. (1973) 32:200–5.

 51. Snyder SH. The dopamine hypothesis of schizophrenia: focus on the dopamine receptor. Am J Psychiatry. (1976) 133:197–202. doi: 10.1176/ajp.133.2.197

 52. Davis KL, Kahn RS, Ko G, Davidson M. Dopamine in schizophrenia: a review and reconceptualization. Am J Psychiatry. (1991) 148:1474–86. doi: 10.1176/ajp.148.11.1474

 53. Howes OD, Kapur S. The dopamine hypothesis of schizophrenia: version III–the final common pathway. Schizophr Bull. (2009) 35:549–62. doi: 10.1093/schbul/sbp006

 54. Norra C, Becker S, Herpertz SC, Kunert HJ. Effects of experimental acute tryptophan depletion on acoustic startle response in females. Eur Archiv Psychiatry Clin Neurosci. (2007) 258:1–9. doi: 10.1007/s00406-007-0753-z

 55. Oxenkrug G, Van Der Hart M, Roeser J, Summergrad P. Anthranilic acid: a potential biomarker and treatment target for schizophrenia. Ann Psychiatry Mental Health. (2016) 4:1059.

 56. Colín-González AL, Maldonado PD, Santamaría A. 3-Hydroxykynurenine: an intriguing molecule exerting dual actions in the central nervous system. Neurotoxicology. (2013) 34:189–204. doi: 10.1016/j.neuro.2012.11.007

 57. Haroon E, Welle JR, Woolwine BJ, Goldsmith DR, Baer W, Patel T, et al. Associations among peripheral and central kynurenine pathway metabolites and inflammation in depression. Neuropsychopharmacology. (2020) 45:998–1007. doi: 10.1038/s41386-020-0607-1

 58. Raison CL, Dantzer R, Kelley KW, Lawson MA, Woolwine BJ, Vogt G, et al. CSF concentrations of brain tryptophan and kynurenines during immune stimulation with IFN-alpha: relationship to CNS immune responses and depression. Mol Psychiatry. (2010) 15:393–403. doi: 10.1038/mp.2009.116

 59. Fukui S, Schwarcz R, Rapoport SI, Takada Y, Smith QR. Blood-brain barrier transport of kynurenines: implications for brain synthesis and metabolism. J Neurochem. (1991) 56:3460. doi: 10.1111/j.1471-4159.1991.tb03460.x

 60. Stone TW. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol Rev. (1993) 45:309–79.

 61. Myint A, Schwarz MJ, Verkerk R, Mueller H, Zach J, Scharpe S, et al. Reversal of imbalance between kynurenic acid and 3-hydroxykynurenine by antipsychotics in medication-naive and medication-free schizophrenic patients. Brain Behav Immunity. (2011) 25:1576–81. doi: 10.1016/j.bbi.2011.05.005

 62. Szymona K, Zdzisinska B, Karakula-Juchnowicz H, Kocki T, Kandefer-Szerszen M, Flis M, et al. Correlations of kynurenic acid, 3-hydroxykynurenine, sIL-2R, IFN-alpha, and IL-4 with clinical symptoms during acute relapse of Schizophrenia. Neurotox Res. (2017) 32:17–26. doi: 10.1007/s12640-017-9714-0

 63. Wurfel B, Drevets W, Bliss S, Mcmillin J, Suzuki H, Ford B, et al. Serum kynurenic acid is reduced in affective psychosis. Transl Psychiatry. (2017) 7:e1115. doi: 10.1038/tp.2017.88

 64. Chiappelli J, Notarangelo FM, Pocivavsek A, Thomas MA, Rowland LM, Schwarcz R, et al. Influence of plasma cytokines on kynurenine and kynurenic acid in schizophrenia. Neuropsychopharmacology. (2018) 43:1675–80. doi: 10.1038/s41386-018-0038-4

 65. Erhardt S, Blennow K, Nordin C, Skogh E, Lindstrom LH, Engberg G. Kynurenic acid levels are elevated in the cerebrospinal fluid of patients with schizophrenia. Neurosci Lett. (2001) 313:96–8. doi: 10.1016/S0304-3940(01)02242-X

 66. Nilsson LK, Linderholm KR, Engberg G, Paulson L, Blennow K, Lindström LH, et al. Elevated levels of kynurenic acid in the cerebrospinal fluid of male patients with schizophrenia. Schizophrenia Res. (2005) 80:315–22. doi: 10.1016/j.schres.2005.07.013

 67. Linderholm KR, Skogh E, Olsson SK, Dahl ML, Holtze M, Engberg G, et al. Increased levels of kynurenine and kynurenic acid in the CSF of patients with schizophrenia. Schizophr Bull. (2012) 38:426–32. doi: 10.1093/schbul/sbq086

 68. Massa N, Saaber S, Miller B, Cuthbert B, Pearce BD, Duncan E. Cytokine levels correlate with slowed latency of acoustic startle and processing speed in schizophrenia. Biol Psychiatry. (2018) 83:S332. doi: 10.1016/j.biopsych.2018.02.854

 69. Tiszlavicz Z, Németh B, Fülöp F, Vécsei L, Tápai K, Ocsovszky I, et al. Different inhibitory effects of kynurenic acid and a novel kynurenic acid analogue on tumour necrosis factor-α (TNF-α) production by mononuclear cells, HMGB1 production by monocytes and HNP1-3 secretion by neutrophils. Naunyn-Schmiedeberg's Archiv Pharmacol. (2011) 383:447–55. doi: 10.1007/s00210-011-0605-2

 70. Stone TW, Stoy N, Darlington LG. An expanding range of targets for kynurenine metabolites of tryptophan. Trends Pharmacol Sci. (2013) 34:136–43. doi: 10.1016/j.tips.2012.09.006

 71. Hinze-Selch D, Daubener W, Eggert L, Erdag S, Stoltenberg R, Wilms S. A controlled prospective study of toxoplasma gondii infection in individuals with schizophrenia: beyond seroprevalence. Schizophr Bull. (2007) 33:782–8. doi: 10.1093/schbul/sbm010

 72. Okusaga O, Langenberg P, Sleemi A, Vaswani D, Giegling I, Hartmann AM, et al. Toxoplasma gondii antibody titers and history of suicide attempts in patients with schizophrenia. Schizophrenia Res. (2011) 133:150–5. doi: 10.1016/j.schres.2011.08.006

 73. Villard O, Cimon B, L'ollivier C, Fricker-Hidalgo H, Godineau N, Houze S, et al. Serological diagnosis of Toxoplasma gondii infection: recommendations from the French National Reference Center for Toxoplasmosis. Diagn Microbiol Infect Dis. (2016) 84:22–33. doi: 10.1016/j.diagmicrobio.2015.09.009

 74. Nuechterlein KH, Barch DM, Gold JM, Goldberg TE, Green MF, Heaton RK. Identification of separable cognitive factors in schizophrenia. Schizophr Res. (2004) 72:29–39. doi: 10.1016/j.schres.2004.09.007

 75. Morrens M, Hulstijn W, Sabbe B. Psychomotor slowing in schizophrenia. Schizophr Bull. (2007) 33:1038–53. doi: 10.1093/schbul/sbl051

 76. Reichenberg A, Harvey PD. Neuropsychological impairments in schizophrenia: integration of performance-based and brain imaging findings. Psychol Bull. (2007) 133:833–58. doi: 10.1037/0033-2909.133.5.833

 77. Nuechterlein KH, Green MF, Kern RS, Baade LE, Barch DM, Cohen JD, et al. The MATRICS Consensus Cognitive Battery, part 1: test selection, reliability, and validity. Am J Psychiatry. (2008) 165:203–13. doi: 10.1176/appi.ajp.2007.07010042

 78. Schwarcz R, Rassoulpour A, Wu HQ, Medoff D, Tamminga CA, Roberts RC. Increased cortical kynurenate content in schizophrenia. Biol Psychiatry. (2001) 50:521–30. doi: 10.1016/S0006-3223(01)01078-2

 79. Miller CL, Llenos IC, Dulay JR, Weis S. Upregulation of the initiating step of the kynurenine pathway in postmortem anterior cingulate cortex from individuals with schizophrenia and bipolar disorder. Brain Res. (2006) 1073–4:25–37. doi: 10.1016/j.brainres.2005.12.056

 80. Erhardt S, Schwieler L, Imbeault S, Engberg G. The kynurenine pathway in schizophrenia and bipolar disorder. Neuropharmacology. (2017) 112:297–306. doi: 10.1016/j.neuropharm.2016.05.020

 81. Gaskell EA, Smith JE, Pinney JW, Westhead DR, Mcconkey GA. A unique dual activity amino acid hydroxylase in Toxoplasma gondii. PLoS ONE. (2009) 4:e4801. doi: 10.1371/journal.pone.0004801

Disclaimer: The content is solely the responsibility of the authors and does not necessarily represent the official views of the Department of Veterans Affairs.

Conflict of Interest: ED has received research support for work unrelated to this project from Auspex Pharmaceuticals, Inc., Teva Pharmaceuticals, Inc., and is a fulltime attending psychiatrist in the Mental Health Service Line at the Atlanta Veterans Affairs Health Care System, Decatur, GA.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Pearce, Massa, Goldsmith, Gandhi, Hankus, Alrohaibani, Goel, Cuthbert, Fargotstein, Barr, Panuwet, Brown and Duncan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyt-11-552743-t003.jpg
KYN metabolite as predictor B (SE), metabolite ~p-value, metabolite 12 of model Other predictors in model B (SE), predictor p-value, predictor

Onset Latency

TRYP 042 (0.15) 0.008 0560 Magnitude ~17.63(3.79) <0001
KYN:TRYP ratio ~185.42 (83.36) 0.034 0524 Magnitude —17.02 (4.11) <0.001
3-OHAAAA ratio 3.68(1.26) 0.007 0585 Magnitude —21.24 (3.60) <0.001
Peak Latency
TRYP 047 0.18) 0013 0310 Age 0.48(0.18) 0014
KYNA ~6.67 (3.02) 0.036 0337 Age 0.43(0.18) 0026
Race —17.17 (7.87) 0.037
3-OHAAAA ratio 4.35(1.58) 0010 0326  Age 0.41(0.18) 0031

Final models were selected using backward selection. Only metabolites with p < 0.05 are shown.
TRYP tryptophan; KYN, kynurenine; 3-OHAA, 3-hydroxyanthranilic acid: AA, anthranilic acid: KYNA, kynurenic acid.
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KYN metabolite as predictor B, metabolite p-value, metabolite % of model

Peak Latency

KYN -8.08 0.008 0.649
KYNA —10.64 0.003 0.697
KYN:TRYP ratio —347.01 0.031 0.472

Final models were selected using backward selection. Only metabolites with p < 0.05 are shown.
KYN, kynurenine; KYNA, kynurenic acid: TRYP tryptophan.
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Demographics, n
Sex, n (%)°

Male

Female

Race, n (%)*

Black

White

Smoker, n (%)

Yes

Medication, n (%)
Atypical antipsychotic
Typical antipsychotic
Both atypical and typical
None

Age, Years, Mean (SD)
PANSS, n

PANSS, Mean (SD)
Positive symptoms
Negative symptoms
General symptoms
Total

fisher’s exact test used instead of Chi-sq due to small sample size.

Control  Schizophrenia Chi Sq/T

30 a7

258333  42(89.36)
5(16.67) 5(10.64)

23(7667)  45(95.74)
7(23.33) 2(4.26)

15(50.00)  26(55.32)

- 32 (68.09)

- 3(6.38)

- 8(17.02)

- 4851
52.93 (10.59) 51.55 (9.05)

- a7

- 15.23 (4.20)
- 16.74 (5.73)
. 26.30 (5.58)
- 58.27 (11.52)

value

021

0.61

p-Value

0.500

0.024

0.648

0544
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Control  Schizophrenia Chi Sq p-Value®

Toxoplasma gondii Status, n 30 a7
Positive, n (%) 6(00)  12(2667) 031 0576
Negative, n (%) 24(800)  85(77.78)
Fvalue
Toxoplasma gondii 30 a7
Serointensity®, n, Mean (SD)
Positive, IU/mL 68.93(22.79) 2052(197.1) 341  0.086
Negative, IU/mL. 679(5.49) 562(2.28) 233 0.132
Kynurenines®, n, Mean (SD) 29 45
Tryptophan, uM 6163(19.26) 5466(11.78) 540 0023
Kynurenine, uM 272(084) 271(1.03) 000 0970
Kynurenic acid, nM 4752 (40.90) 33.16(17.02) 279  0.099
3-hydroxyanthranilic 29.42 (18.34) 265.85(13.96) 0.77 0.385
acid, M
Anthraniic acid, nM 14.85(18.41) 14.44(1151) 029 0590
Kynurenine:Tryptophan Ratio  0.05 (0.03)  0.05(0.02) 031  0.580
30HAAAA Ratio®® 250(1.45) 222(1.20) 1.00 0320
Startle testing, n, Mean (SD) 29 36
Onset Latency!, ms 47.87 (1122) 4868(1282) 576  0.019
Peak Latency’, ms 66.55(11.67) 7077 (1224) 434  0.041
Magnitude, pV 97.48 (74.32) 211.86 (261.81) 6.33 0.014

3Difference between Control and Schizophrenia subjects.

bCovariates included: age and diagnosis (CON vs. SCZ.

“Covariates included: age, sex, diagnosis (CON vs. SCZ), Toxo status (seropositive
vs. seronegative),

9Sample size for this metabolite was 73.

°3-hydroxyanthanilc acid:Anthranilc acid ratio.

fCovariates included: age and startle magnitude.
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