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Abstract

People who live or work in moldy buildings often complain of “brain fog” that interferes 

with cognitive performance. Until recently, there was no published research on the effects of 

controlled exposure to mold stimuli on cognitive function or an obvious mechanism of action, 

fueling controversy over these claims. The constellation of health problems reported by mold-

exposed individuals (respiratory issues, fatigue, pain, anxiety, depression, and cognitive deficits) 

correspond to those caused by innate immune activation following exposure to bacterial or viral 

stimuli. To determine if mold-induced innate immune activation might cause cognitive issues, 

we quantified the effects of both toxic and nontoxic mold on brain immune activation and 
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spatial memory in the Morris water maze. We intranasally administered either 1) intact, toxic 

Stachybotrys chartarum spores; 2) ethanol-extracted, nontoxic Stachybotrys chartarum spores; 

or 3) control saline vehicle to mice. Inhalation of nontoxic spores caused significant deficits 

in the test of long-term memory of platform location, while not affecting short-term memory. 

Inhalation of toxic spores increased motivation to reach the platform. Interestingly, in both groups 

of mold-exposed males, numbers of interleukin-1β-immunoreactive cells in many areas of the 

hippocampus significantly correlated with latency to find the platform, path length, and swimming 

speed during training, but not during testing for long-term memory. These data add to our prior 

evidence that mold inhalation can interfere with cognitive processing in different ways depending 

on the task, and that brain inflammation is significantly correlated with changes in behavior.
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1. Introduction

The ability of mold inhalation to cause respiratory problems has been well documented and 

widely accepted [1]. However, people exposed to moldy buildings complain of a plethora 

of other problems, including painful muscles and joints, chronic fatigue, balance problems, 

anxiety, depression, and cognitive issues often described as “brain fog” [2–5]. The ability 

of mold exposure to cause such serious health concerns has been the subject of much 

litigation, but there is relatively little scientific research on this topic, and it is still hotly 

disputed [6–9]. Among other issues, early mold studies were criticized for their small 

sample sizes, use of patient self reports, poorly-documented mold exposures, correlational 

designs, and the lack of any documented physiological mechanism that could cause such 

disparate effects. However, there is now compelling evidence that mold exposure causes 

serious multi-system health problems in humans including peripheral immune activation 

and behavioral dysregulation that implies central effects [5, 10–12]. In particular, Kilburn’s 

study [11] quantified wide-ranging neural problems in mold-exposed individuals including 

increased reaction times, visual abnormalities, decreased grip strengths, balance problems, 

peripheral neuropathies, as well as diverse, significant cognitive and emotional problems. 

Shoemaker et al. [10] found that changes in blood inflammatory markers in mold-exposed 

patients were correlated with significant structural differences in six of eleven brain areas 

studied. Nevertheless, specific mechanisms by which mold exposure caused neurological or 

behavioral problems were still not identified.

Given the lack of published research on the effects of controlled doses of characterized 

mold stimuli on both brain and behavior, we proposed a plausible physiological mechanism 

to explain how mold exposure alters brain function leading to changes in both emotional 

and cognitive behavior and developed a mouse model to test our hypothesis [13]. Our 

model is based on decades of research on bacterial and viral innate immune activation 

and its pervasive effects on behavior [14–16]. Exposure to bacteria, or merely to a 

component of bacterial cell walls, quickly results in innate immune activation with 

cytokine secretion at the site of exposure. Innate immune activation in the periphery 
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is rapidly communicated to the brain where it activates microglia, the brain’s most 

numerous resident immune cells, to secrete additional cytokines. These cytokines alter 

neural function, causing fever, pain, changes in motivation, and social withdrawal. Innate 

immune activation of the brain also results in well-documented cognitive effects [14, 

15]. Behaviors supported by the hippocampus seem particularly vulnerable. This is not 

surprising, given that the hippocampus contains a greater density of microglia than other 

brain regions and is particularly vulnerable to inflammation [17]. Typically, performance 

on cognitive tasks dependent on hippocampal function, such as contextual fear conditioning 

or the Morris water maze (MWM), is adversely affected by innate immune activation [16, 

18]. We hypothesized that mold exposure would cause similar changes in brain immune 

activation accompanied by similar changes in behavior, since the innate immune system 

has pattern recognition receptors (PRRs) that recognize structural elements of mold and/or 

its RNA/DNA just as it has PRRs for bacteria and viruses [19]. Previous studies [20–

22]} showed that mold exposure caused immune activation and inflammation throughout 

the respiratory system. We were interested in determining if the peripheral inflammatory 

response initiated by mold inhalation would spread to the brain with concomitant effects on 

behavior.

In addition to determining if mold stimuli could cause innate immune activation in the brain 

and affect cognitive and emotional behavior, we were interested in the relative effects of 

nontoxic versus toxic mold stimuli. Much of the research on mold attributed adverse health 

effects to the production of mycotoxins, poisonous secondary metabolites that defend mold 

colonies against competitors [2, 4, 23–26]. Attributing adverse effects to mycotoxins had 

the advantage of providing a clear mechanism of action through the documented abilities of 

toxins to interfere with cellular function or even kill cells [23, 27]. However, animal studies 

showed that exposure to nontoxic mold stimuli [21,22], or just to a component of fungal 

cell walls [28] was sufficient to cause innate immune activation in the lungs. Innate immune 

activation provides a mechanism for both toxic and nontoxic mold stimuli to affect multiple 

physiological systems affecting both brain structure/function and behavior. We expected 

nontoxic stimuli to cause less immune activation and behavioral change than toxic molds 

since they provide fewer constituents that trigger immune responses.

The current study examined the effects of mold exposure in adult mice on a hippocampal-

dependent behavioral task: spatial navigation in the MWM. Animals exposed to bacterial 

challenge often show clear deficits on this task, though such deficits are sometimes 

indicative of performance factors rather than problems in learning and memory [18]. We 

quantified the effects of treatment with 1) toxic Stachybotrys spores or 2) Stachybotrys 

spores rendered nontoxic by ethanol extraction compared to 3) the control saline vehicle on 

hippocampal inflammation and spatial navigation. Since task-induced anxiety is often listed 

as a confounding variable in interpreting MWM data, we compared the animals’ behavior on 

the elevated plus maze (EPM) to that on the MWM.
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2. Materials and Methods

2.1 Experimental animals

All treatments, behavioral tests, and data analyses were done blind to the animals’ treatment 

groups. All animal methodology was approved by the Institutional Animal Care and Use 

Committees of Hunter College and Queens College, CUNY and met all local and federal 

guidelines for animal research.

C57BI/6 mice were chosen because they are a robust strain, with good hippocampal 

function, and show superior performance on the MWM [29]. C57BI/6 mice also clear mold 

spores from the lungs faster than other strains [30, 31], making them a more conservative 

model system. Thirteen-week-old male C57BI/6 mice (Jackson Laboratories, Bar Harbor, 

ME) were run in 3 cohorts of 12 males allowing all behavioral testing to be done during 

the morning with mold spore instillations in the late afternoon. Data from the 3 cohorts 

were combined for analyses. Because group housing can cause confounding effects in mice 

experiencing innate immune activation [32], mice were housed individually in filter-topped 

shoebox cages with paper bedding, a piece of PVC piping, and a nestlet (Ancare, Bellmore, 

NY) on a 12:12 light:dark cycle at 22.2 + 1.4° C. Mice were habituated to their housing 

at Hunter College, handling, transport to behavioral testing rooms, and testing for at least 4 

weeks prior to instillations.

2.2 Mold exposure

All spore handling, instillations, and cage changes were done in a Class II biosafety cabinet 

(ThermoFisher Model 1365). Each cohort was divided into 3 treatment groups using a 

stratified randomized block design controlling for body weight and instilled with either: 

1) intact Stachybotrys chartarum spores (TX), 2) S. chartarum spores extracted twice with 

ethanol to remove toxins and denature proteins (NTX), or 3) the sterile non-pyrogenic saline 

vehicle containing 0.1% TWEEN 20 (VEH). The spores, strain JS58-17 originally isolated 

from a home in Cleveland, Ohio [22], were grown and prepared at Hunter College from 

stock provided by Dr. Dorr Dearborn, Case Western Reserve University, according to his 

protocols. Spore dose was determined using a hemocytometer to count spores to an accuracy 

of ± 4%.

Mice were briefly anesthetized with isoflurane and nasally instilled [33, 34] 3 times/week 

with 15,000 spores in 0.25 μl vehicle/g body weight or vehicle alone. The mouse’s external 

nares were gently cleaned with 70% ethanol and half the day’s dose was instilled in each 

nostril using a Rainin 0.5-10 μl pipette. Mice were held in a vertical position for 2 min post 

instillation to maximize spore inhalation. Mice did not show obvious signs of discomfort 

that are often reported following high doses of lipopolysaccharide (LPS, e.g., disheveled fur, 

squinting, aberrant movement).

2.3 Behavioral testing

After several weeks of handling and acclimation to the laboratory, mice were trained and 

tested on the rotorod, conditioned fear task, and MWM (MWM1, Fig. 1). They then received 

3 weeks of instillations without behavioral testing. Beginning in week 4, they were tested on 

Harding et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2024 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the elevated plus maze, a second time on MWM (MWM2), and then an additional two times 

on the conditioned fear task and rotorod. Mice were then tested a third and final time on 

MWM (MWM3, Fig. 1 summarizes the timeline for MWM and EPM tests). Fewer than half 

the mice learned the task on MWM1 prior to treatment, so those results are not presented. 

Unfortunately, the MWM2 data from Cohort 3 were lost due to a camera malfunction. Thus, 

we only present the results of MWM3 and the EPM test. The results of other tests are 

reported elsewhere [13]. Instillations always occurred the day before MWM Day 1 training 

and again after all tests were completed on Day 2. All testing orders were counterbalanced 

across mice and treatment groups. All tests were run blind to the animals’ treatments.

2.3.1 Morris water maze

Overview: For each of the 3 tests, mice were trained with 4 visible platform trials at 

30-min intervals on Day 1. The following day, they were given 3 trials at 30-min intervals 

with the platform in the same location but hidden underwater. This 2-day procedure was 

conducted once prior to mold treatment (MWM1, platform in north quadrant) and twice 

during mold treatments (MWM2, platform in south quadrant; and MWM3, platform in the 

same position as MWM1).

Apparatus: We used a circular polypropylene pool with a diameter of 120cm and height 

of 74cm. It was filled to a depth of 66 cm, and heaters were used to maintain the water 

temperature at 25-27°C. This is warmer than commonly used, but closer to mice’s preferred 

temperature of 31 °C [35]. Water temperature is critical to performance on the MWM. 

Immune-activated mice show deficits in MWM performance when tested in 23°C but not 

18°C water [36]. Nontoxic tempera paint was added to make the water opaque. Visual cues, 

including bright posters, were placed around the room to help the mice orient spatially. The 

cues were left in place for the entire experiment.

Procedure: Mice were trained and tested on the MWM using a 2-day protocol adapted 

from Gulinello et al. [37]. This protocol incorporates two features shown to increase 

learning in mice [38]. Mice were tested on visible trials (Day 1) before nonvisible trials 

(Day 2), which eliminates many off-task behaviors. On both days, trials were spaced at 

30-min intervals, rather than being massed, decreasing stress [38]. In brief on Day 1, mice 

received 4 visible trials with the platform (7.6 cm diameter) covered with textured green 

plastic shelf liner (Easy Liner, select grip, Amazon) to highlight its location above water in 

the north quadrant of the pool and provide traction to help the mice climb onto the platform. 

On day 2, beginning 24 hours after each mouse’s first training trial, mice were tested 3 times 

with the platform in the same location but covered in white plastic Easy Liner and hidden 

underwater. On all trials, mice were given 3 min to find the platform and allowed to sit 

on it for 10 sec before being removed. If they did not find the platform, they were gently 

guided to it and allowed to sit on the platform for 10 sec before being returned to their home 

cages. One end of the cage was placed under a heat lamp, so the mouse could warm itself if 

desired. For each trial, all mice were released from the same location and retrieved from the 

same location, but the locations changed randomly from trial to trial.
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We had not initially planned to analyze the third cohort of mice together with the first two, 

but 4/24 mice in the first two cohorts never met our criterion of finding the visible platform 

in under 40 sec and were eliminated from further analyses. We thus decided to add Cohort 

3’s data to the analysis to bring the minimum group size back to our original target of eight. 

There were differences between the first two cohorts and Cohort 3 in additional behavioral 

tests given, the timing of the various tests, and in the number of release points in the MWM. 

However, these changes in methodology did not significantly alter the behavior of Cohort 3 

compared to the two earlier cohorts, so data from the three cohorts were combined. Mice in 

Cohorts 1 and 2 were released into either the east or west quadrant of the pool facing the 

pool wall, so they could not initiate their search by pushing off the wall. However, Garthe 

and Kempermann [39] suggested that increasing the difficulty of the task was more likely 

to reveal deficits linked to hippocampal function. Thus, we increased the difficulty of the 

task for Cohort 3 by increasing the number of release and retrieval points. The pool wall 

was labeled like a clock face for the experimenter (The mice could not see these markings). 

The pool was labeled so that 12 was centered in the middle of what had previously been 

the outside edge of the north quadrant. The platform was placed so that an imaginary radius 

coming out from 12 would bisect the platform. Mice were placed in the pool facing either 3, 

5, 7, or 9. They were removed by an experimenter approaching from 3, 6, 9, or 12.

Evaluation: All tests were recorded by a SONY Handycam suspended from the ceiling. 

The resulting videos were digitized and analyzed by Topscan (Clever Sys, Inc., Reston, VA). 

For each trial, Clever Sys calculated 1) latency to reach the platform, 2) path length to 

the platform, 3) time spent in thigmotaxis, swimming within 8cm of the pool wall, and 4) 

velocity. Mice that did not escape to the platform in under 40 sec on at least one visible trial 

were eliminated from analyses. Mice that did not find the platform on nonvisible trials were 

assigned a latency of 180 sec.

2.3.2 Elevated plus maze (EPM)

EPM testing was administered to all mice as their first behavioral test following 3 weeks 

of mold or VEH exposure. Mice were placed in the center (11.4 X 11.4 cm) of a black 

plexiglass Kinder Scientific EPM (closed arms 10 cm × 55.9 cm, open arms 11.4 cm × 

55.9 cm, 91.4 cm above the floor) and their entries into the open and closed arms, time 

spent in the open and closed arms, and distance traveled in the open and closed arms 

were automatically quantified by Kinder Motor Monitor software (Build #08356-14). Open 

arm measures are presented corrected for total entries, the total duration spent, or the total 

distance traveled in both arms respectively, to control for possible differences in total activity 

[40]. The apparatus was cleaned with Conflikt (Fisher Scientific), followed by 70% ethanol, 

and then water after each mouse. These EPM data from the 3 cohorts of mice tested on 

MWM are a subset of data reported previously [13].

2.4 Histochemical analysis

The methodology for tissue preparation, immunohistochemistry for the inflammatory 

cytokine interleukin-1β (IL-1β), and quantification of labeled cells are presented in [13]. 

We present IL-1β-immunoreactive (IL-1β-ir) expression as number of positive cells per area 

of hippocampus sampled. We only have these data for Cohorts 1 and 2.
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2.5 Statistical analysis

Data were analyzed in GraphPad Prism (Version 9 for Mac). All tests were two tailed. 

For the Gulinello et al. water maze protocol [37], the critical comparisons are the relative 

performance of the three groups on 1) the last visible test on Day 1 (D1V4) which 

measures the mouse’s motivation to escape to the platform, 2) the first nonvisible test on 

Day 2 (D2NV1) which provides a measure of the mouse’s longterm (24 hr) memory of 

platform location, and 3) the second and third nonvisible tests on Day 2 which evaluate 

problems with short-term memory. The data sets for the three treatment groups for MWM3 

day 2 nonvisible test 1 (D2NV1) path length, latency to reach the platform, and time in 

thigmotaxis had significantly unequal variances so these three data sets were analyzed with 

Welch’s ANOVAs followed by Dunnett’s T3 multiple comparisons tests comparing spore-

treated groups to VEH controls. The EPM and IL-1β data did not violate the assumptions 

underlying standard ANOVAs and so were analyzed by oneway ANOVAs followed by the 

two-stage, linear step-up procedure of Benjamini, Krieger, and Yakutieli comparing the 

three groups while controlling for the false discovery rate (FDR). The combined IL-1β data 

from spore-treated mice (NTX + TX = SP) were compared to VEH data using unpaired 

t tests with Welch’s correction. Pearson correlation coefficients were used to calculate 

relationships between variables. When multiple comparisons were made across correlations, 

the Benjamini-Hochberg procedure [41] was used to control for FDR and determine the 

appropriate alpha. FDR was set to 0.05. The data of one NTX mouse was excluded because 

it was identified as an outlier on both behavioral tests and cellular measures using Rout with 

a conservative Q=0.2%.

3. RESULTS

3.1 Effects of mold inhalation on MWM performance

Mice were given 3 widely-spaced MWM sessions, each consisting of 4 visible platform 

trials at 30-min intervals on day 1. On day 2, they were given 3 trials testing their ability 

to find the now hidden platform. Mice that did not reach the visible platform in 40 seconds 

or less by the fourth visible trial of each training were classified as nonlearners. On the 

first MWM session prior to experimental treatment, only 47% of mice met criterion. By the 

third MWM session reported here, 83% learned the task. To our surprise, VEH mice had the 

largest proportion of nonlearners, 4/12 mice. Two of 11 NTX mice did not reach criterion, 

while all 12 TX mice reached criterion. Data from mice that did not meet criterion were 

excluded from further analysis.

All mice that learned the task, regardless of treatment group, showed equivalent performance 

by the fourth visible platform trial on day 1 (D1V4) of MWM3 (Fig. 2) in terms of A) 

velocity, B) path length, C) latency to reach the platform, and D) time spent in thigmotaxis. 

However, there were significant differences between the 3 groups on the first non-visible 

trial 24 hours later (day 2 nonvisible test 1, D2NV1). When mice had to use long-term 

memory (24 hr) to find the now-hidden platform, NTX mice showed significant performance 

deficits as measured by both F) path length from release point to platform (Welch’s ANOVA 

W=6.05 [2, 13.4], P=0.013) and G) their latency to reach the platform (Welch’s ANOVA, 

W=5.67 [2, 13.3], P=0.016). The performance of VEH males on the first nonvisible trial 
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on Day 2 was very close to their performance on the last visible trial on Day 1 (Fig. 2. 

Compare VEH A-D to VEH E-H). All VEH males that learned the task during Day 1‘s 

visible trials found the now hidden platform under the original criterion of 40 sec, while 

67% of NTX and 27% of TX mice took longer. Two NTX and 1 TX male did not find the 

platform in the allotted 180 sec test, though they had easily accomplished the task on Day 

1 when the platform was visible. D1V4 and D2NV1 path lengths and latencies to reach the 

platform were highly correlated in VEH mice (Pearson r=0.72. P=0.046; r=0.80, P=0.018 

respectively). The performance of NTX and TX mice on the first nonvisible trial was not 

predicted by their performance on the last visible training trial (NTX path lengths r=0.23, 

P=0.56, latencies r=0.43, P=0.24, TX path lengths r=0.14, P=0.67, latencies r=0.08, P=0.81).

NTX mice appeared to be using a different strategy than VEH mice to find the hidden 

platform on D2NV1. NTX mice spent significantly more time in thigmotaxis, swimming 

within 8 cm of the pool wall, than VEH mice (Fig. 2H. Welch’s ANOVA W=4.2 [2, 

14.7], P=0.036). The performance deficits of NTX males in finding the hidden platform 

appeared specific to long-term memory. On the next two nonvisible trials 30 and 60 min 

later (D2NV2, D2NV3) with the platform still hidden, NTX latencies, path lengths, and time 

in thigmotaxis did not differ from those of VEH or TX males (e.g., mean latency to platform 

D2NV3, VEH=36±15, NTX=33±7, TX=35±12 sec). Velocities did not differ significantly 

across groups on any trial. The slower latencies of both NTX and TX males to reach the 

platform on D2NV1 compared to D1V4 were not a function of slower swimming speeds but 

were highly correlated with their increased path lengths (NTX: Pearson’s r= 0.94, P=0.0002, 

N=9; TX: r=0.82, P=0.001, N=12). TX males actually increased their velocities from D1V4 

to D2NV1 (Fig. 2A vs 2E, Paired t test, t=3.0, df=11, P=0.012), while the swimming speeds 

of VEH and NTX males did not change.

3.2 Effects of mold inhalation on anxiety-like behavior and relation to MWM performance

Mice treated with NTX spores showed increased anxiety-like behavior on the EPM 

compared to both VEH and TX males. NTX males made fewer entries into the open arms 

compared to all arms (Fig. 3A, ANOVA F=4.88, P=0.01), spent shorter durations in the 

open arms compared to all arms (Fig. 3B, ANOVA F=6.44, P=0.004), and traveled shorter 

distances in the open arms compared to all arms (Fig. 3C, ANOVA F=6.84, P=0.003). 

Although NTX mice showed significantly higher levels of anxiety-like behavior on EPM 

and greater amounts of time in thigmotaxis when they could not see the platform on the 

D2NV1 MWM test, none of the three measures of EPM performance correlated with a 

measure of MWM performance. Additionally, no correlations between responses on these 

two tests were found in the other two groups or across all mice.

3.3 Relationship between IL-1β levels in hippocampus and MWM performance

TX treatment resulted in significantly more IL-1β-ir cells in both dorsomedial CA1 and 

dorsomedial CA1 + DG per mm2 than found in those areas in VEH mice (Fig. 4, data 

from [13]). NTX treatment resulted in more IL-1β-ir cells than found in VEH males but 

fewer than found in TX males. In the dorsomedial CA1 + DG, TX males had significantly 

more IL-1β-ir cells per mm2 than NTX mice. In both dorsomedial CA1 and CA1 + DG, 

spore-treated mice (TX + NTX) had significantly more IL-1β-ir cells per unit area than 
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VEH mice (Unpaired t tests with Welch’s correction, t=3.24, P=0.004; t=3.04, P=0.007, 

respectively). Density of IL-1β-ir cells in the dorsomedial dentate gyrus as a whole or in its 

granular and molecular layers quantified separately did not differ across groups.

There were no significant correlations between numbers of IL-1β-ir cells and latency to 

find the hidden platform or path length on D2NV1 or time swimming in thigmotaxis on 

either D2NV1 or D1V4. However, performance during the last visible training trial on 

Day 1 was correlated with numbers of IL-1β-ir cells in various areas of the dorsomedial 

hippocampus in spore-treated mice (TX + NTX, see Table 1). Correlation coefficients were 

strongest in TX-treated males in dorsomedial CA1 + DG and CA1. In TX males, the 

higher the density of IL-1β-ir cells in these two areas, the longer it took mice to reach the 

platform and the longer their paths. NTX males showed much lower correlations between 

hippocampal inflammation and MWM performance. However, when data from the two 

spore-treated groups were combined, numbers of IL-1β-ir cells in all five hippocampal areas 

were significantly positively correlated with latency to reach the platform. Only numbers 

of IL-1β-ir cells in dorsomedial CA1 + DG and CA1 itself were significantly positively 

correlated with path length in spore-treated males. Correlation coefficients between densities 

of IL-1β-ir cells and MWM performance were very low for VEH males and often in 

the opposite direction. However, the correlations between numbers of IL-1β-ir cells in 

dorsomedial CA1 + DG and D1V4 latencies and path lengths in spore-treated males were 

sufficiently strong to result in weaker, but still significant correlations on these measures 

when the data from all males (i.e., TX + NTX + VEH) was considered. Numbers of IL-1β-ir 

cells in CA1 + DG and CA1 alone were negatively correlated with swimming speed in 

spore-treated males on this trial. The higher the IL-1β levels, the slower the animals swam.

4. Discussion

Our results provide additional evidence that inhalation of NTX mold affects cognitive 

processing while inhalation of TX mold affects motivation, and these effects are related to 

brain inflammation. Mold exposure affected both the motivation and the ability to find the 

hidden platform in the MWM task in unexpected ways. We had expected both TX and NTX 

spores to interfere with learning the task, with TX spores having greater effects because of 

their greater inflammatory potential [13, 22]. TX spores present not only a variety of toxins, 

but also enzymes and volatile organic compounds that interfere with basic cell functions [22, 

23]. However, mice exposed to toxic spores appeared the most motivated to quickly reach 

the platform as measured by 1) percent males learning the task [ as in 42] and 2) increased 

swimming speeds [as in 38], While some TX males had difficulty finding the platform once 

it was hidden, only NTX spore exposure significantly interfered with this task.

Evaluation of performance on the MWM following immune challenge poses some 

difficulties since a variety of interacting factors impact performance, including animal strain, 

degree of immune activation, timing of immune activation relative to task training and 

testing, pool size, water temperature, and the precise protocol used [18, 36]. However, the 

advantages of using the MWM to evaluate cognitive difficulties are thought to outweigh the 

disadvantages [38]. We attempted to optimize the task to decrease stress and increase the 

probability of revealing differences between experimental treatments. We used a two-day 
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version of the task originated by Gulinello et al. [37] that begins on the first day by assessing 

the mouse’s motivation to swim to a visible platform. The mouse’s memory of platform 

location is tested on the second day with the platform in the same location but hidden 

underwater. This paradigm has the advantage of allowing subjects to habituate to the task, 

while providing individual performance baselines and reducing confounding variables like 

anxiety and stress [37]. Performing visible platform trials first is particularly important in 

testing mice [38]. Trials were spaced at 30-min intervals in 25-27°C water, which also 

decreases stress [36, 38].

After three widely-spaced trainings [i.e., 1) before mold exposure began, 2) after three 

weeks of treatment and 3) again after roughly 5 weeks of treatment], 17% of mice did 

not swim to the visible platform in under 40 sec, and their data were not included in 

further analyses. The high percentage of nonlearners was probably related to the warm water 

temperature used. Warm temperatures are less stressful, but also less motivating. Mice have 

difficulty maintaining core body temperature when tested in cold water, motivating them to 

escape to the platform quickly [36, 43]. We used a warm temperature range because past 

research found that immune-activated mice were more likely to show performance deficits 

when tested in warmer water. For example, mice treated with 100 ng IL-1β ip showed 

performance deficits on MWM when tested in 23°C but not 18°C water [36]. Contrary to 

expectation, VEH mice were the least likely to meet criterion (4/12 failed), while 2/11 NTX 

males failed to escape to the visible platform under 40 sec, and all TX males mastered 

the task. Previous research [36] found that while moderate doses of IL-1β (e.g., 100ng ip) 

interfered with performance of male mice on MWM, a high dose (1,000 ng ip) significantly 

improved performance. Our TX males had significantly more IL-1β-ir cells per unit area 

in dorsomedial CA1 + DG than VEH or NTX males [13]. Numbers of IL-1β-ir cells in 

NTX mice fell between those in VEH and TX groups [13]. The fact that all TX males 

were motivated to reach the platform quickly may have been related to the effects of IL-1β 
on thermoregulation. IL-1β is a well-documented pyrogen [44]. Heat-seeking behavior is 

a standard symptom of brain immune activation [45]. Mice showing fevers following LPS 

treatment prefer ambient temperatures several degrees C higher than normal [35]. Although 

we used warmer water than most studies, if the higher numbers of IL-1β-ir cells in TX 

males resulted in increased body temperatures, TX males may have perceived the water 

as cooler than the other groups, motivating them to escape to the platform. Barring motor 

issues, swimming speed is used as a measure of motivation [38]. Another indication that 

TX males were more motivated to escape were their significantly increased velocities on 

D2NV1 when the platform was no longer visible compared to their speeds on the last 

visible training trial. The swimming speeds of the other two groups did not change. Immune 

activation is usually associated with reduced activity and energy conservation to support 

immune function. Spore-treated mice showed this more typical effect of immune activation 

on D1V4 when higher levels of immune activation were associated with slower swim 

speeds. It therefore seemed somewhat contradictory that TX mice showed increased energy 

outlay to reach the platform on D2NV1. However, other research has shown that depending 

on the symptoms of sickness behavior induced, immune-activated subjects may invest more 

energy than controls to complete a task [46]. The need of immune-activated TX males to 

seek a warmer environment seems to have overridden the general need to conserve energy.
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By the last training trial (D1V4), learners in all three groups showed equivalent performance 

on all measures (i.e., velocities, path lengths, latencies, and time in thigmotaxis). The ability 

of VEH males to find the hidden platform on the first trial on Day 2 (D2NV1) was almost 

identical to their performance on their last visible platform training trial 24 hours earlier. In 

contrast, in both TX and NTX males, D2NV1 performance was not correlated with D1V4 

performance. Overall, NTX males showed significantly increased latencies, increased path 

lengths, and increased time in thigmotaxis on D2NV1 compared to VEH males. However, 

the performance of NTX males did not differ from that of VEH males on the two later 

hidden platform trials on D2, suggesting that short-term memory was not affected. Similar 

results were found in rats [47]. Male rats were trained and tested for two days, 3 trials per 

day, with the platform hidden. The performance of males injected with 100 ng of IL-1β icv 

60 min prior to training on Day 1 improved over trials on Day 1 just like that of controls, but 

that improvement did not carry over to Day 2. Just like our mice, these rats showed impaired 

performance only on the first trial on Day 2 and did not differ from controls on later trials.

On D2NV1, individual NTX and TX males varied in their responses to spore treatment. A 

few males maintained the level of performance shown on the last visible trial while others 

struggled to find the platform. All VEH males reached the platform in under 40 sec on 

D2NV1, but only 27% of NTX and 67% of TX males met the original learning criterion 

on their first nonvisible trial. Two NTX and one TX male did not locate the platform by 

the end of the trial (i.e., 180 sec). While TX males performed better than NTX on D2NV1, 

they experienced some level of difficulty--67% of TX males’ latencies and path lengths were 

longer on D2NV1 than they had been on D1V4, and their mean values on both measures 

were over 2.5 times longer than those of the VEH mice.

In many cases when animals experiencing immune activation show increased latencies to 

complete a task such as MWM, the increased latencies are explained by the resulting 

sickness behavior which results in decreased speed of locomotion [18]. However, at no 

point in our experiment did velocities differ significantly between the three experimental 

groups. The increases in latencies to reach the platform on D2NV1 in NTX and TX 

males were highly correlated with their increased path lengths, not decreased velocities. As 

noted previously, TX males actually increased their velocities on D2NV1. The impaired 

performance of spore-treated males on D2NV1 did not result from deficits in motor 

performance.

Increased thigmotaxis in the MWM is often attributed to increased anxiety, allowing animals 

to search for the platform while staying in less anxiety-inducing, less stressful areas of the 

pool [18]. Some studies found that performance on MWM correlated with that on EPM. 

Animals rated less anxious on EPM were less likely to engage in thigmotactic behavior in 

the MWM [36, 48]. Our NTX males were rated as significantly more anxious on EPM than 

either VEH or TX males, making a smaller percentage of their entries into the open arms, 

spending a smaller percentage of time in the open arms, and traveling a smaller percentage 

of their total distance in the open arms. However, while NTX males were rated as more 

anxious on EPM and spent significantly more time in thigmotaxis on D2NV1, their EPM 

scores were not correlated with the time they spent in thigmotaxis. This may be related 

to the fact that MWM testing occurred at least 10 days after EPM testing. If thigmotactic 
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behavior is considered a measure of anxiety, it is interesting to note that NTX males only 

spent more time in thigmotaxis on D2NV1, not in the four earlier visible trials or the 

two later nonvisible trials. Thus, swimming in the pool per se did not elicit thigmotactic 

behavior. NTX males only showed this behavior when the trial procedure had changed, and 

they could not see the platform.

As Cunningham and Sanderson [18] pointed out, there are several possible causes for 

deficits like those shown by NTX males on D2NV1: 1) There might be difficulty getting 

platform location into long-term memory. Moderate increases in IL-1β during learning can 

interfere with long-term potentiation and memory storage [16]. NTX males had 64% more 

IL-1β-ir cells in the dorsomedial hippocampus than VEH males suggesting a moderate 

increase in IL-1β. 2) The fact that mice were instilled only on the day prior to MWM 

training leaves open the possibility that their internal states varied sufficiently between 

training and testing days to make it more difficult to retrieve the memory of platform 

location on D2NV1. 3) An increase in anxiety when the platform was hidden on D2NV1 

might have caused NTX mice to engage in a thigmotactic strategy. We cannot determine 

which of these issues might be responsible for the difficulties NTX mice had in locating the 

hidden platform, but clearly NTX mold exposure interfered with their cognitive processing.

IL-1β is critical in activating and coordinating the full spectrum of pathogen-induced 

sickness behaviors [49]. Rapid production and release of IL-1β is a critical step in the 

initiation of the innate-immune response to mold [50]. IL-1β levels in the hippocampus 

modulate hippocampal-dependent learning and memory. IL-1β dosage effects appear to 

follow a U-shaped curve rather than a straight line. Small increases in IL-1β are crucial for 

establishing long-term potentiation and enhancing memory consolidation, while moderate 

increases can be disruptive [16]. Exposure to even higher levels can facilitate learning [16, 

36]. We were therefore interested in whether performance on this hippocampal-dependent 

version of the MWM (e.g., random start locations [36], no spatial cues inside the maze 

[51]) would be related to IL-1β levels in the hippocampus. TX males had significantly 

higher numbers of IL-1β-ir cells per unit area in CA1 than VEH males and more in 

dorsomedial CA1 + DG than either VEH or NTX males [13]. There were no significant 

differences in numbers of IL-1β-ir cells in the DG across groups. We previously found 

that numbers of IL-1β-ir cells in different areas of the hippocampus in both NTX and 

TX males were highly correlated with increased fear of the auditory cue over time in 

a conditioned fear task [13]. Given these data and IL-1β’s documented role in memory 

consolidation, it was surprising to find that there were no significant correlations between 

IL-1β-ir cells and performance during memory recall on D2NV1. However, there were 

many significant correlations between numbers of IL-1β-ir cells and performance on the 

final visible training trial. Across all groups, the higher the number of IL-1β-ir cells in 

dorsomedial CA1 + DG, the longer the latencies and path lengths to reach the platform on 

D1V4. These positive correlations were primarily due to very high correlation coefficients 

in TX males. Correlation coefficients between these variables were lower in NTX males, 

but sufficient that when the two spore-treated groups were combined, the correlations were 

significant. There were also significant correlations in the combined spore-treated group 

between numbers of IL-1β-ir cells in the DG and its two subregions and latency to reach 

the platform on D1V4. Interestingly, although mold exposure did not lead to a decrease in 
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speed compared to controls as is often seen in immune-activated animals, increased numbers 

of IL-1β-ir cells in the dorsomedial CA1+DG and CA1 alone in spore-treated mice (NTX 

+ TX) were correlated with slower swimming speeds on D1V4. It should be noted that 

several days elapsed between MWM3 testing and sampling tissue to quantify IL-1β-ir cells. 

The many significant correlations between D1V4 performance and numbers of IL-1β-ir cells 

suggest that recurring mold exposure leads to fairly stable numbers of IL-1β-ir cells in the 

hippocampus.

To control for possible circadian effects, we ran this experiment using three cohorts of mice, 

so that all behavioral testing could be done in the morning, and all treatments in a small 

window in the late afternoon. Data from the three cohorts were combined for analyses. 

We attempted to control as many variables as possible across cohorts, but there were some 

differences. All cohorts were run in the summer, but in two different years. Different 

individuals were involved in handling, treating, and testing the three cohorts. Experimenter 

sex significantly affects behavioral test results in mice [52, 53]. All mice in this study were 

handled by both sexes, but the sex and identity of individuals performing specific tasks 

varied cohort to cohort, test to test. In addition, the MWM task was made more difficult 

for the third cohort of mice by adding additional release points. The consistency of results 

across cohorts despite these differences demonstrates the robust nature of these effects.

The current data provide additional documentation that mold exposure affects cognitive 

processing, that exposure to NTX mold has adverse consequences, and that mold’s effects 

are correlated with brain immune activation. We were unable to accurately predict whether 

TX or NTX spores would have more serious effects on a particular behavioral measure. 

Across all our experiments (current + [13], exposure to TX mold resulted in higher levels of 

brain inflammation and stronger correlations between measures of brain inflammation and 

behavior, but exposure to NTX spores caused deficits in contextual fear, increased sensitivity 

to pain, and enhanced response to the auditory cue in a conditioned fear paradigm that did 

not differ significantly from the responses of TX males. Both NTX and TX spore inhalation 

decreased hippocampal neurogenesis, but they affected different stages of the process, with 

NTX spores decreasing numbers of immature adult-born neurons while TX spores inhibited 

neuron maturation. Only NTX spore treatment resulted in increased anxiety-like behavior on 

EPM and impaired cognitive processing in the MWM.

The effects of immune activation depend on the integration of the actions of all activated 

PRRs [54]. There are at least 19 PRRs known to recognize components of fungal cell 

walls and/or fungal DNA/RNA [19]. Given their many additional chemical components, it 

is probable that TX stimuli activate more PRRs than NTX stimuli, leading to differential 

effects between the two groups. Activation of additional PRRs in TX males may have 

inhibited anxiety-like behavior and provided additional motivation to learn the MWM task. 

It is also possible that the extraction step used to remove toxins and denature proteins in 

TX spores to create the NTX stimuli altered antigen availability in NTX spores resulting in 

differential PRR activation.

In total, our studies clearly document the adverse effects of repeated exposure to nontoxic, 

as well as toxic, mold spores on brain and emotional and cognitive function. However, our 
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carefully prepared mold stimuli were not representative of typical human mold exposure. 

Water-damaged buildings typically develop complex mixtures of molds, bacteria, and 

particulates. These mixtures activate stronger, synergistic immune responses than predicted 

from the effects of the individual stimuli [1, 4, 12]. Reported human exposures are 

substantially lower than the spore doses we used. However, attempts to quantify mold 

contamination generally underestimate true values [55, 56]. Common methodology involves 

very brief air or dust sampling in limited areas, missing large spatial and temporal variations 

[8]. Results expressed in terms of numbers of viable spores vary greatly depending on 

the culture medium used. Many molds do not even reproduce under laboratory conditions 

[56], and viable spores often represent a very small proportion of total spores [55]. Mold 

concentrations determined by qPCR typically are several orders of magnitude higher than 

those identified by culturing spores, but qPCR techniques introduce a different set of biases 

[56]. Crucially, most mold exposure is to small particles, not spores. Small particles, 

either mold fragments or particles from moldy surfaces, are more important sources of 

toxin exposure than mold spores [23]. Nanoparticles are often hundreds to as much as a 

million times more numerous and penetrate deeper into the lungs than whole spores [1, 

56, 57]. Nanoparticles are more likely to cause adverse health outcomes [58, 59]. Spore 

counts do not predict fragment numbers, and fragments are rarely counted [58]. When 

mold nanoparticles are inhaled, there are the additional risks of direct access to the brain 

via olfactory pathways as well as access to the general circulation [60–62]. For example, 

inhalation of a mycotoxin produced by Stachybotrys caused innate immune activation in 

nasal and brain tissue, apoptosis of olfactory sensory neurons, atrophy of the olfactory nerve, 

and brain inflammation [26].

Molds also produce a wide variety of bioactive metabolites—as many as 90 from a single 

species [63]. Secondary metabolites of molds have been identified in the dust, respirable 

airborne particles, carpeting, wallpaper, heating, ventilation and air-conditioning systems 

of water-damaged buildings [64]. Despite the major health threats they may present, these 

metabolites are rarely quantified [55]. In searching for fungal compounds causing health 

issues in the wake of Hurricane Katrina, Inamdar and coworkers [65] identified a volatile 

organic metabolite emitted by molds that provides much of the distinctive musty odor. 

Exposure to as little as 0.5 ppm of this fungal metabolite caused degeneration of dopamine 

neurons and resulted in Parkinson’s-like symptoms.

Even if mold exposure is terminated quickly, the effects of the brain’s initial inflammatory 

response often persist beyond its resolution [66]. This microglial priming is thought to 

occur through epigenetic modification of homeostatic setpoints [67]. For example, initial 

exposure to moldy workplaces changed the immune response to later mold exposure. 

Peripheral blood mononuclear cells from mold-exposed people produced significantly 

different patterns of cytokine and chemokine secretion than those of unexposed controls 

[68]. Additionally, roughly 25% of Americans carry major histocompatibility complex gene 

variants thought to make them vulnerable to prolonged inflammation when exposed to 

mold. Autoimmune problems and changes in brain structure/function are common in these 

individuals following mold exposure (see Table 3 in [69]). Kraft and coworkers [70] pointed 

out that mold exposure can be particularly detrimental in people already suffering from 
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immune dysregulation, such as those with chronic inflammatory disorders or HIV, because 

mold exacerbates existing pathologies.

People living or working in water-damaged buildings are often exposed to molds for 

extended periods resulting in prolonged innate immune activation of the type already 

demonstrated to be neurotoxic in a variety of neural diseases [71, 72]. Patients subjected to 

chronic mold exposure develop a wide range of immune abnormalities, including systemic 

and neural inflammation, neural autoantibodies, mitochondrial damage, and compromised 

energy production [12, 73, 74]. They also show diverse neurological abnormalities including 

movement disorders, pain syndromes, impaired balance, and cognitive issues [11, 12]. 

Mold exposure, like that to bacteria and viruses, has been hypothesized to contribute to 

the pathogenesis of a variety of neurodegenerative diseases. The strongest evidence is 

for Alzheimer’s disease [75–77]. A variety of fungal species have been identified in the 

brains of Alzheimer’s disease patients, and the order in which brain areas were affected 

led researchers to suggest that olfactory inhalation was the most likely route of exposure 

[78]. Researchers have also suggested that fungal exposure contributes to the etiology of 

Parkinson’s disease [65, 79, 80], and a plethora of autoimmune disorders including multiple 

sclerosis [81], amyotrophic lateral sclerosis [82], and chronic fatigue syndrome [12, 64].

Mold-damaged buildings are clearly a problem. Floods, building and plumbing leaks result 

in widespread mold contamination. Overall estimates of water-damaged buildings with 

possible mold contamination in North America ranged from 27-36% in questionnaire 

studies to 42-56% when air was actually sampled [58]. Remediation is problematic. 

Improper remediation techniques cause high, often continuing, levels of exposure. Some 

remediation methods actually increase toxin production, and no method tested resulted in 

total elimination of viable mold [63, 83].

The extent of the contribution of mold exposure to neural and behavioral dysfunction 

in humans under ecologically-relevant conditions remains to be determined. Our data 

document for the first time that exposure to known quantities of characterized mold stimuli, 

both toxic and nontoxic, affected spatial learning. Performance of mold-exposed subjects 

was correlated with levels of hippocampal inflammation. These data further support our 

contention that exposure to both toxic and nontoxic molds results in a diverse array of 

cognitive and emotional problems through innate immune activation. Just the presence of 

mold, like that of bacteria or viruses, can trigger PRRs causing innate immune activation. 

Active infection is not needed. Toxins are not needed. Mold exposure, both toxic and 

nontoxic, must be considered a risk factor, like organic chemical exposure or air pollution, 

that can increase an individual’s inflammatory burden with possible serious consequences 

for health and behavior.
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Highlights

• Inhalation of mold spores affected Morris water maze performance.

• Nontoxic mold inhalation interfered with long-term memory in the Morris 

water maze.

• Toxic mold inhalation appeared to increase motivation to reach the escape 

platform.

• Performance during training was correlated with levels of brain inflammation.

• These data support our hypothesis that innate immune activation is one 

mechanism through which both toxic and nontoxic mold stimuli affect brain 

and behavior.
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Fig. 1. 
Following arrival in the lab, mice were acclimated to their new surroundings, handling, and 

transport to the behavioral testing room for 4.5 weeks. They received their first Morris water 

maze test before beginning instillations. After three weeks of instillations 3 times per week 

without testing, they resumed behavioral testing. Triweekly instillations continued to the end 

of the experiment. Instilled mice were first tested on elevated plus maze (EPM), and later 

given their second and third MWM tests. At the end of the experiment, the density of cells in 

the hippocampus expressing interleukin-1β immunoreactivity (IL-1β-ir) was quantified.
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Fig. 2. 
A.-D. By the final visible training trial (day 1, trial 4, D1V4) there were no differences in 

performance between groups. E.-H. However, 24 hr later, mice treated with NTX spores 

showed significantly impaired performance compared to VEH males in finding the hidden 

platform on their first nonvisible trial on day 2 (D2NV1). E. Velocity did not differ across 

groups. F. NTX males took longer paths to find the platform, G. took longer latencies to 

find the platform, and H. spent more time swimming within 8 cm of the pool wall. Thigmo 

= thigmotaxis. Means + SEM. *Significantly different from VEH, P < 0.05 Ns: VEH=8, 

NTX=9, TX=12. Ns differed across groups because 4 VEH and 2 NTX males did not learn 

the task, while all TX mice met criterion during visible platform training.
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Fig. 3. 
NTX mice showed increased anxiety-like behavior on the EPM compared to both VEH and 

TX groups. A. NTX mice entered the open arms less often and B. spent less time in the open 

arms compared to entries and duration in all arms. C. NTX mice traveled less distance in the 

open arms compared to distance traveled in all arms. Means + SEM, *significantly different 

from NTX, P < 0.05. **P < 0.01, ***P < 0.001. Ns: VEH=12, NTX=11, TX=12.
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Fig. 4. 
Compared to VEH treatment, TX spore exposure significantly increased numbers of cells 

expressing the inflammatory cytokine IL-1β-ir in the dorsomedial hippocampal subareas 

CA1+DG combined and in the CA1 subdivision itself. In dorsomedial CA1+DG, TX mice 

also had significantly more IL-1β expressing cells than mice exposed to NTX spores. 

CA1=cornu ammonis 1. DG=dentate gyrus. Ns=7,8,6 for CA+DG and 8,8,8 for CA1, 

respectively. *P < 0.05, * *P < 0.01
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Table 1.

Higher numbers of IL-1β-ir cells in the dorsomedial hippocampus were correlated with poorer MWM 

performance during the final training trial (D1V4) in spore-treated males. Pearson correlation coefficients 

between numbers of IL-1β-ir cells in five hippocampal areas and A. latency to find the visible platform, B. 

path length, and C. velocity, corresponding P values, and Ns. All = all mice, SP = spore-treated (i.e,, NTX + 

TX). Significant correlations are bolded. IL-1β-ir cell data were only available for the first two cohorts of 

mice. CA1 = cornu ammonis 1; DG = dentate gyrus as a whole; Granular = within the granular cell layer of 

the dentate gyrus; Molecular = within the molecular layer of the dentate gyrus.

CA1 + DG CA1 DG DG Granular DG Molecular

A. D1V4 Latency

ALL 0.54, 0.017, 19 0.45, 0.054, 19 0.41, 0.09, 18 0.46, 0.056, 18 0.43 0.07, 18

VEH −0.04, 0.93, 6 0.11, 0.84, 6 −0.23, 0.65, 6 0.007, 0.99, 6 −0.18, 0.73, 6

NTX 0.42, 0.48, 5 0.41, 0.49, 5 0.52, 0.37, 5 0.70, 0.19, 5 0.57, 0.33, 5

TX 0.90, 0.002, 8 0.80, 0.017, 8 0.74, 0.057, 8 0.68, 0.09, 8 0.73, 0.06, 8

SP 0.74, 0.004, 13 0.64, 0.018, 13 0.67, 0,016, 13 0.67, 0.017, 13 0.68, 0.015, 13

B. D1V4 Path Length

ALL 0.52, 0.02, 19 0.42, 0.08, 19 0.25 0.30, 19 0.19, 0.44, 19 0.24, 0.31, 19

VEH −0.09, 0.86, 6 0.08, 0.89, 6 −0.29, 0.57, 6 −0.03 0.95, 6 −0.21, 0.69, 6

NTX 0.17, 0.78, 5 0.12, 0.85, 5 0.06, 0.92, 5 −0.06, 0.92, 5 0.02, 0.97, 5

TX 0.87, 0.005, 8 0.78, 0.02, 8 0.49, 0.22, 8 0.29, 0.49, 8 0.44, 0.27, 8

SP 0.70, 0.008, 13 0.56, 0.04, 13 0.40, 0.17, 13 0,22, 0.45, 13 0.36, 0.22, 13

C. D1V4 Velocity

ALL −0.41, 0.08, 19 −0.41, 0.08, 19 −0.05 0.82, 19 −0.11, 0.64, 19 −0.08, 0.75, 19

VEH 0.29, 0.57, 6 0.13, 0.80, 6 0.41, 0.42, 6 0.05 0.92, 6 0.30, 0.57, 6

NTX −0.68, 0.20, 5 −0.53, 0.36, 5 −0.69, 0.20, 5 −0.85, 0.07, 5 −0.81, 0.10, 5

TX −0.65, 0.08, 8 −0.64, 0.08, 8 −0.10, 0.82, 8 0.00 0.99, 8 −0.06, 0.88, 8

SP −0.59, 0.03, 13 −0.60, 0.03, 13 −0.19, 0.54, 13 −0,12, 0.69, 13 −0.17, 0.58, 13
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