
Inhalation of polycarbonate emissions generated during 3D 
printing processes affects neuroendocrine function in male rats

Kristine Krajnaka, Mariana Farcasb, Walter McKinneya, Stacey Waugha, Kyle Mandlerb, 
Alycia Kneppb, Mark Jacksona, Diana Richardsonc, MaryAnne Hammerc, Joanna 
Mathesond, Treye Thomasd, Yong Qianb

aPhysical Effects Research Branch, Health Effects Laboratory Division, National Institute for 
Occupational Safety and Health, Morgantown, WV, USA

bPhysiology and Pathology Research BranchHealth Effects Laboratory Division, National Institute 
for Occupational Safety and Health, Morgantown, WV, USA

cHistopathology Core, Health Effects Laboratory Division, National Institute for Occupational 
Safety and Health, Morgantown, WV, USA

dOffice of Hazard Identification and Reduction, U.S. Consumer Product Safety Commission, 
Bethesda, MD, USA

Abstract

Three-dimensional (3D) printing of manufactured goods has increased in the last 10 years. The 

increased use of this technology has resulted in questions regarding the influence of inhaling 

emissions generated during printing. The goal of this study was to determine if inhalation of 

particulate and/or toxic chemicals generated during printing with polycarbonate (PC) plastic 

affected the neuroendocrine system. Male rats were exposed to 3D-printer emissions (592 μg 

particulate/m3 air) or filtered air for 4 h/day (d), 4 days/week and total exposures lengths were 

1, 4, 8, 15 or 30 days. The effects of these exposures on hormone concentrations, and markers 

of function and/or injury in the olfactory bulb, hypothalamus and testes were measured after 1, 

8 and 30 days exposure. Thirty days of exposure to 3D printer emissions resulted in reductions 

in thyroid stimulating hormone, follicle stimulating hormone and prolactin. These changes were 

accompanied by (1) elevation in markers of cell injury; (2) reductions in active mitochondria in the 

olfactory bulb, diminished gonadotropin releasing hormone cells and fibers as well as less tyrosine 

hydroxylase immunolabeled fibers in the arcuate nucleus; and (3) decrease in spermatogonium. 
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Polycarbonate plastics may contain bisphenol A, and the effects of exposure to these 3D printer-

generated emissions on neuroendocrine function are similar to those noted following exposure to 

bisphenol A.
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Introduction

Over the last 10 years there has been an increasing concern regarding how plastic particles 

(particles <1 μm in diameter) in the environment may affect the health of humans and 

wildlife (Burgos-Aceves et al. 2022; GM et al. 2017; Martín et al. 2018; Roberts et al. 

2014; Rubio, Marcos, and Hernandez 2020). With the increased use of 3D printers in 

manufacturing settings and schools, humans are now also exposed to inhalable plastic 

nanoparticles (plastic particles <100 nm in diameter) generated during the printing process 

(Chan et al. 2020; Farcas et al. 2019, 2020). Although many investigators determined the 

influence of environmental exposure to plastic particles on the health of aquatic species 

(Burgos-Aceves et al. 2022; Dmytriw 2020; Martín et al. 2018; Suhyun et al. 2019), 

fewer studies examined the influence of inhalation of plastic nanoparticles (NP) and their 

composite chemicals on human health (Azimi et al. 2016; Dmytriw 2020; Martín et al. 2018; 

Rubio, Marcos, and Hernandez 2020; Stefaniak et al. 2017). 3-Dimensional printing (3DP) 

generates both respirable plastic nanoparticles and volatile chemicals (Azimi et al. 2016; 

Chan et al. 2020; Farcas et al. 2019; MT et al. 2020; Stefaniak et al. 2017; Wu et al. 2020). 

Because of the increased use of 3DP for production of plastic products in manufacturing 

settings, schools and homes, and the potential for exposure to high concentrations of 

aerosolized NP and volatile chemicals, there has been rising concern regarding the effects of 

inhaling 3DP emissions (Sharma and Chatterjee 2017; Wright and Kelly 2017).

A number of different plastic composites, including acrylonitrile butadiene styrene (ABS), 

poly-lactic acid (PLA) and polycarbonate (PC) are used in 3DP processes (Azimi et 

al. 2016; Leso et al. 2021; Stefaniak et al. 2017; Yi et al. 2016). In addition to the 

potential effects of inhaled plastic particulate, 3DP plastic filaments often contain other 

potentially toxic chemicals that are aerosolized when the filament is heated (Yi et al. 

2016; Stefaniak et al. 2017). One chemical that might be released is bisphenol (BP), 

and there is evidence that inhalation of BPs exerts adverse health effects (Catenza et al. 

2021; Chung et al. 2017). Acrylonitrile and BPs might act as endocrine disrupters by 

mimicking the effects of endogenous estrogens (Suhyun et al. 2019; Ullah et al. 2018). 

These chemicals disrupt endocrine systems, including the thyroid- and adrenal-pituitary 

axes (Suhyun et al. 2019; Ullah et al. 2018). Previously investigators demonstrated adverse 

respiratory and cardiovascular effects attributed to inhalation of 3DP emissions (Farcas et al. 

2019, 2020; Stefaniak et al. 2017) and these findings served to fill knowledge gaps on the 

potential systemic toxicological effects attributed to exposure to 3DP emissions. The current 

investigation is postulated to assist in the efforts to establish effective control strategies and 
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exposure limits for specific materials to prevent adverse health effects attributed to 3DP 

emission exposure.

The goal of this study was to determine whether exposure to emissions (a mixture of 

organic gasses and aerosols) resulted in changes in markers of neurotoxicity in the olfactory 

bulb and in regions of the brain that regulate neuroendocrine processes in Sprague-Dawley 

(SD) rats. The olfactory bulb was examined because olfactory cues regulate reproduction 

and feeding behaviors (Persaud 2013; Powers and Winnans 1973; Slotnick and Coppola 

2015; Vandenburgh 1973). The olfactory bulb and the circulation may provide pathways 

for particulate matter (PM) to access to the brain via the circulation or by transport via 

the olfactory system (Hubbs et al. 2011). Therefore, regions of the brain that receive input 

from the olfactory system, or have a less effective blood brain barrier (BBB), may be 

more likely to be exposed to emissions generated by 3D printing. In addition, inhalation 

of 3DP emissions might disrupt the transmission of olfactory cues to regions of the brain 

that regulate feeding or reproductive behaviors and interfere with the release of hormones 

involved in mediating reproduction and metabolic processes in animals (Slotnick and 

Coppola 2015). 3DP emissions may also contain plastic particulates and release bisphenol A 

(BPA) during the printing process, or possibly when inhaled 3DP particulate is dissolved in 

the body, BPA may be released from the particulate. Exposure to BPA might affect health by 

interfering with the release of gonadal steroids and anterior pituitary hormones that regulate 

reproductive, developmental and metabolic processes (Abraham and Chakraborty 2019; 

Chung et al. 2017; Cimmino et al. 2020; Lehmler et al. 2018; Mustieles et al. 2015; Ullah 

et al. 2018). Based upon previous findings, the aim of this study was to determine whether 

inhalation of emissions generated by 3DP using PC printing stock (which contains BPA), 

induces reproductive and metabolic dysfunction by affecting olfactory and/or hypothalamic-

pituitary-gonadal/metabolic pathways in SD rats.

Methods

Animals

Male Sprague Dawley rats ([H1a: (SD) CVF, n = 6 rats/group (N = 60); 6–7 weeks of 

age, 200–250 g) were obtained from Hilltop Lab Animals, Inc., Scottdale, PA. Males 

were used in this study because the inhalation model has been characterized in males 

(Farcas et al. 2020). The responses of females to the exposure will be assessed in future 

studies. All animals were free of viral pathogens, parasites, Mycoplasma, Heliobacter 
and cilia-associated respiratory (CAR) bacillus. Rats were acclimated to the facilities for 

1 week after arrival and housed in polycarbonate cages (Lab Products LLC, Aberdeen 

MD) with Teklad Sani-chip bedding (Envigo, Madison WI) and ventilated with HEPA-

filters under controlled temperature and humidity conditions and a 12-hr light/dark cycle. 

Food (Teklad 7913; Envigo Madison, WI) and tap water were provided ad libitum. The 

animal facilities are specific pathogen-free, environmentally controlled, and accredited by 

AAALAC International. All procedures were approved by the CDC-NIOSH Morgantown 

Animal Care and Use Committee and were in compliance with the Public Health Service 

Policy on Humane Care and Use of Laboratory Animals and the NIH Guide for the Care and 

Use of Laboratory Animals.
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Exposure

After 1 week of acclimation to the facility, animals were exposed to filtered-air (controls) 

or emissions generated by 3DP as described in (Farcas et al. 2019). Briefly, animals were 

placed in separate compartments of a whole-body exposure chamber that could hold up to 

12 animals. There was no food or water available during the exposure. The cage rack with 

the animals rested on top of cage support beams which contained 1 cm outside diameter 

stainless steel tubes with small holes. Each hole was placed in the center of the cage 

partition so that aerosols would be drawn into the breathing space. Three desktop 3D 

printers (LulzBot Mini, Fargo Additive Manufacturing Equipment 3D LLC, Fargo, ND) 

were placed in an airtight chamber. Black polycarbonate filament (Gizmo Dorks LLC, 

Temple City, CA 3D Printing Polycarbonate Filament – Gizmo Dorks) was fed into each 

printer and the printers were operated continuously during the 4 hr exposure period. At the 

beginning of each exposure, animals were placed into the designated chamber (for air or 

3DP emission exposure). Emissions from the printing chamber or filtered air were pumped 

into the whole-body inhalation chamber. At the end of each exposure, animals were placed 

into their home cages and returned to the colony room.

Emissions generated in the exposure chamber were discharged into the chamber with 

the animals. Specific parameters used to generate the emissions are presented in Table 

1. Exposures were monitored as previously described (Farcas et al. 2020). The mean 

hydrodynamic particle size and particle concentrations were measured using nanoparticle 

tracking system analysis (NTA; NanoSight NS300, Malvern Instruments, Worcestershire, 

UK). The measured particulate emissions inside the exposure chamber averaged 592 μg/m3 

of particulate for a 4 hr exposure when the mean was calculated over all days of the 

exposure (Figure 1). A typical size distribution plot (particle count based) of the PC particles 

inside the exposure chamber during a test run is illustrated in Figure 2a. Particulate was 

collected every 5 sec and particle size was measured using a fast mobility particle sizer (size 

range 5.6–560 nm, model 3091 TSI Inc, Shoreview MN) Figure 2b illustrates the particle 

size distribution was converted to aerodynamic equivalent mass by assuming all particles 

were spherical and had a density of 1.2 g/cm3 (the density of polycarbonate). The mean 

particle electric mobility diameter for every 5 sec sample during four separate 4 hr test runs 

is depicted in Figure 2c. The mean aerodynamic equivalent diameter measured inside the 

exposure chamber during the print jobs was 40 nm. The PC particles were also collected on 

filters and imaged with a scanning electron microscope. Typical physical diameters for PC 

particulate ranged from 40 nm up to 90 nm (Farcas et al. 2019).

Analysis of volatile organic compounds by GC/MS

The volatile organic components of the 3DP emissions were analyzed by GC/MS from 

samples collected over a 4 hr collection period (Table 2). The measurement of volatile 

compounds was conducted using a method published in the NIOSH Analytical Methods 

Manual (2018; 3900: Volatile organic compounds (VOC), C1 to C10 canister method; are 

found at https://www.cdc.gov/niosh/nmam/default.html). The levels of measured compounds 

were low, with acetaldehyde, acetone, ethanol, and ethylbenzene levels being the highest 

among the detected compounds. Table 2 presents the levels (ppb) of VOC measured 

in this study and Occupational Safety and Health Administrations (OSHAs) permissible 
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exposure limits (PELs). Although different methods are used for measurement, none of the 

compounds measured in this experiment were above the PELs.

Bisphenol A and bisphenol A diglycidyl ether were also assessed in the 3DP-generated 

emissions. Sampling for these substances occurred under the same conditions used to 

generate the animal exposures, except the animals were not in the chamber. The total 

concentration of particulate in each sample was approximately 600 μg/m3. The emissions 

were collected onto glass fiber filters (SKC lot #21600–7E5–274; n = 6 samples) and filters 

analyzed by BVNA labs (Novi, MI). Once received by BVNA, the filters were placed in 

separate glass test tubes and each sample cassette was wiped with a glass fiber filter wetted 

with 100% ethanol. Sample filters and wipes were extracted in 3 ml acetonitrile and then 

placed on a mechanical flatbed shaker for 30 min. An aliquot (18 μl) was transferred to 

individual auto-sampler vials for analysis by HPLC (Thermo Fisher Vanquish UHPLC with 

a Zorbax ODS C18, 5 μM 250 mm × 4.4 mm internal diameter). Samples were analyzed 

using a wavelength of 230 nm and read time of 22 min/sample. The average level of 

bisphenol in the samples was 5.3 ± 0.18 μg/m3. Using a mass particle distribution model to 

determine particle deposition in the nose, trachea, alveola and lung (where the tidal vol is 1.7 

ml, the breathing rate is 120 breaths/min and the exposure time is 240 min), the estimated 

cumulative deposition of bisphenol A in the entire respiratory tract was 36 ng on day 1, 536 

ng on day 15 and 1.072 μg on day 30. Bisphenol A diglycidyl ether was not detectable in 

any of the samples.

Tissue collection

Animals were exposed to air or 3DP emissions for 4 hr/day. Animals in the 1 day exposure 

group were exposed for 1 day. Animals in all other groups were exposed 4 day/week until 

the required number of days of exposure (4, 8, 15 or 30 days) was reached. Body weights 

were collected the day following the last exposure. Groups of animals (6 air control and 

6 3DP-exposed) were euthanized by injection of pentobarbital euthanasia solution (100 

mg/kg i.p.) and exsanguinated 24 hr after 1, 4, 8, 15 or 30 days of exposure. Animals were 

exsanguinated by collecting blood from the descending aorta into EDTA treated tubes. The 

blood was kept on a shaker for approximately 1 hr and centrifuged at 10,500 g for 15 min at 

4°C. Plasma was pipetted into 200 μl aliquots and frozen at − 80°C until assayed. The brain 

was dissected and cut into right and left hemispheres. The olfactory bulb and hypothalamus 

were dissected from the right hemisphere of the brain and frozen at − 80°C until used for 

PCR. The left hemisphere was placed in Tissue-Tek OCT compound (Fisher Scientific) in a 

cryomold and frozen at − 80°C until sectioned and processed for immunohistochemistry and 

histology.

Tissue preparation: Histology

The left hemisphere of the brain was sectioned (20 μm) using a cryostat set at − 20°C. 

Five slides were collected from the olfactory bulb and hypothalamus. The first section was 

put on slide 1, the second section on slide 2 and continuing through to the 5th section 

on slide 5. Using this procedure there was 100 μm between consecutive sections on each 

slide. There were 5–6 sections/slide from the olfactory bulb and 3–4 sections/slide from 

the hypothalamus of each animal. Using this method, each slide contains a section through 
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the rostral to caudal portions of a brain region. For histological or immunohistochemical 

analyses, one slide from each animal and each region was processed.

The right testis was also dissected from each animal and placed in 10% buffered formalin. 

Each testis was paraffin embedded and sections (10 μm) were cut on a microtome. Five 

slides were collected from each animal, with each slide having one or two tissue sections. 

One set of sections was stained with Harris hematoxylin and eosin for histological analyses. 

The others were stored at room temperature until used for immunohistochemistry.

Histology and Immunohistochemistry

Immunohistochemistry was performed using a previously described protocol with slight 

modifications (Johnson et al. 2016; Krajnak et al. 2013). Briefly, slides were fixed in 

4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) for 5 min, rinsed 3 × 5 

min in PBS and incubated in primary antibody diluted in 0.1 M PBS plus 0.3% Triton-x 

100 (Tx) and 10% normal serum overnight at 4°C. Immunohistochemistry and histological 

stains were used on sections of the olfactory bulb to determine levels of glial derived 

neurotrophic factor (GDNF), tyrosine hydroxylase (TH), Mitotracker orange and myelin 

basic protein (MB).; In the hypothalamus staining for Mitotracker orange, Fluoro-Jade, 

TH and gonadotropin releasing hormone (GnRH) was performed. Staining for luteinizing 

hormone receptor (LHr) and follicle stimulating hormone receptor (FSHr) was performed 

in the testes. A list of primary antibodies, the manufacturer, and the dilutions used for each 

antibody is presented in Table 3. The following day the slides were rinsed, and sections 

incubated with the secondary antibody (either Cy3 or fluorescein labeled antibodies; Jackson 

Immunolabs) diluted 1:500 in 0.1 M PBS-Tx at RT for 1 hr. Sections were then rinsed, air 

dried and cover-slipped using Prolong Gold with 4’6-diamindino −2-phenylindole (DAPI, 

Invitrogen, Waltham, MA).

Another set of sections was labeled using Fluoro-Jade C (Sigma Chemicals, St Louis, 

MO) which identifies damaged neurons. A stock solution of Fluoro-Jade (3.0% in dimethyl 

sulfoxide (DMSO)) was aliquoted and frozen at − 20°C until use. For staining, sections 

were fixed as described above, incubated in a 0.06% potassium permanganate solution in 

0.1 M PBS for 10 min, rinsed and then incubated in the Fluoro-Jade solution (0.003% in 

0.1 M acetic acid) for 1 hr, in the dark, at room temperature. Sections were then rinsed in 

water and cover slipped as described above. Staining in the periventricular/arcuate nuclei 

was measured because the neurons that regulate pituitary function are primarily located in 

these regions. The % area labeled was measured using Image J (National Institutes of Health 

(NIH), Bethesda MD). Labeling was measured in 3–5 sections per animal and the average 

labeled area was calculated and employed for analyses. Gonadotropin releasing hormone 

(GnRH) and TH neurons were also counted in these nuclei.

To label mitochondria Mitotracker Orange CMTMRos (Invitrogen, Waltham, MA) was used. 

This specific Mitotracker stain enters the cell and is oxidized to its fluorescent form which 

is then sequestered in active mitochondria. To perform staining, stock solution supplied 

by the manufacturer was thawed and diluted to 500 nM using 0.1 M PBS. Slides were 

incubated in diluted Mitotracker for 30 min at 37°C, rinsed 3 × 5 min in PBS, incubated 

in 4% paraformaldehyde in 0.1 M PBS for 10 min, dried, cover-slipped using Prolong 
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Gold with DAPI, and stored in a light tight container at 4°C. Mitotracker staining was 

quantified by visualizing the sections using fluorescent microscopy at a wavelength of 

554/576 nm (excitation/emission). Both the % area labeled, and the intensity of the labeling 

were measured using Image J (NIH). Labeling was measured in 3–5 sections per animal and 

the average labeled area and intensity were calculated and employed for analyses.

For paraffin embedded sections of the testes, slides were first heated at 60°C for 20 min 

and then incubated in 3 rinses of xylene (20 min each at room temperature) to remove 

the paraffin. Sections were then dehydrated using decreasing concentrations of ethanol 

(100–75%) and rehydrated in water followed by 0.1 M PBS. One slide was stained with 

Harris hematoxylin and eosin (H&E) stain, and the number of Sertoli cells, Leydig cells 

and spermatogonium were counted in four photomicrographs/animal. The number of mature 

sperm was determined by measuring the density of the sperm tails in the seminiferous 

tubules. Other slides were utilized for immunohistochemistry, which was performed as 

described above.

Microscopy

Fluorescent-labeled slides were examined using an Olympus microscope; photomicrographs 

were taken at a magnification of 20× using DP73 camera and CellSense version 510 

(B&B Microscopes, Pittsburgh, PA). Densitometry was performed on photomicrographs 

using ImageJ. To perform densitometry, a threshold was set to identify regions that were 

immuno-stained. The area to be quantified was outlined and the total area of the outlined 

structure was measured along the with area of the immunolabeled cells that were at or 

above the set threshold. Depending on the region, 3–5 sections were analyzed. The average 

immune-stained area was calculated and used for analyses.

A stereological method was used to quantify structures in the testes, a stereographic 

procedure utilizing a grid was utilized to count the number of Sertoli cells, spermatocytes 

at different stages of development and Leydig cells. The grid used for counting was a 12.5 

mm square consisting of 100 smaller squares (Baker et al. 2007). The number of cells or 

structures within each box of the grid was counted, the number of cells or structures that 

intersected with either a vertical or horizontal line of the grid was counted. Three to five 

sections were analyzed from each animal. An average number of cells/section was calculated 

and employed for analyses.

Enzyme linked immunosorbent assays (ELISAs)

ELISAs for estradiol, prolactin, thyroid stimulating hormone (TSH) and follicle stimulating 

hormone (FSH) were performed using plasma samples collected from animals after 1, 4, 

8, 15 or 30 days of exposure. ELISAs for estrogen and prolactin were purchased from 

Calbiotech (El Cajon, CA), and for TSH and FSH from E-Lab Sciences (Houston, TX). All 

assays were run according to the manufacturer’s protocols. Measurement of these hormones 

were selected based upon previous studies that demonstrated that these hormones might 

be altered by endocrine disrupters such as bisphenol A (Abraham and Chakraborty 2019; 

Chung et al. 2017; Cimmino et al. 2020; Lehmler et al. 2018; Mustieles et al. 2015; Ullah 

et al. 2018). The measured coefficients of variation for each assay were as follows: estrogen 
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11.5%; FSH 3.6%; prolactin 2.33% and TSH 6.46%, and the limits of detectability were 

0. To control for potential variability in the plate or the plate reader, one sample and one 

standard were pipetted on the plate and read before and after the experimental samples. The 

variation in these replicates was less than the coefficient of variation for each assay.

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)

qRT-PCR was performed to determine if exposure to 3DP emissions resulted in changes 

in transcript levels in the olfactory bulb and hypothalamus as described in Krajnak et al. 

(2013). RNA was isolated from the tissue using RNAeasy lipid Miniprep kits (cat # 74804; 

Qiagen, Valencia, CA), and first strand cDNA was synthesized from 1 μg total RNA using 

a Reverse Transcription System (Invitrogen; Carlsbad, CA). Melt curves were run for each 

transcript using each tissue. Samples that did not exhibit a single defined melt peak in 

the 80°C range were not included in the dataset. To determine if the treatment resulted in 

a change in transcript levels, fold changes from same day controls were calculated. This 

was done by calculating the mean response for the control group and then subtracting 

the individual CT values for each sample from the average of the controls. Transcripts 

were measured in the olfactory bulb (Table 4) and hypothalamus (Table 5) and included 

immediate early genes, glial cell, oxidative stress and inflammatory markers and markers of 

proteins involved in neurotransmission.

Data analyses

Fold changes in transcript levels and stereological data were analyzed using 2 (control 

vs exposed) × 5 (time points) analyses of variance (ANOVAs). ELISA data and immune-

histochemical data were analyzed using a 2 (control vs exposed) × 2–3 (time points) 

ANOVAs. Pairwise comparisons between groups were performed using t-tests. Comparisons 

with p < 0.05 were considered significantly different.

Results

Body Weight

Figure 3 presents the influence of exposure to 3DP emissions on body weights. Body 

weights were collected the day following their last exposure. Animals in both the air control 

and 3DP emission groups displayed growth, as measured by changes in body weight over 

the course of the experiment. However, after 4 days of exposure, animals exposed to 3DP 

displayed lower body weights than air-control animals and this reduction in body weight was 

significant after 15 or 30 days of exposure.

Circulating hormone concentrations

Plasma from the animals in this experiment was used by a number of different investigators. 

Because there was not sufficient sample to measure all hormones at all time points, it 

was of interest to examine circulating hormone concentrations after 1 and 30 days of 

exposure. Average circulating TSH concentrations (Figure 4A) were generally lower in 

animals exposed to 3D printer emissions than levels in air control animals, and after 30 

days exposure, this difference was significant. In addition, TSH concentrations in both air- 

and 3D printer emission-exposed animals were decreased after 30 days than after 1 day 
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treatment. Average circulating FSH concentrations (Figure 4B) were not measurable in any 

of the control animals after 1 day exposure (the lower limit of detection was approximately 

1.5 ng/ml) but were measurable in 4 out of 6 animals exposed to 3DP emissions. However, 

even in exposed animals, FSH levels were near the limit of detection. The lower levels 

of FSH seen on the first day of the experiment may have been due to stress associated 

with the first day of treatment. The higher levels in 3D printer emission exposed animals 

may have been due to effects associated with inhalation of the emissions. After 30 day 

exposure, FSH concentrations in air control animals were concentrations normally detected 

in adult males, while animals exposed to 3D printer emissions demonstrated significantly 

diminished circulating concentrations. Average circulating prolactin concentrations declined 

over the course of the experiment in 3DP emission exposed animals (Figure 4C), with levels 

significantly reduced than in control animals after 30 day treatment. Average circulating 

estradiol concentrations did not markedly change at any time point for either exposure group 

(Figure 4D).

Immunohistochemistry and Histology

To determine if exposure to 3DP emissions resulted in injury to cells or possible changes 

in cellular function, the area immunostained was measured for glial-derived neurotrophic 

factor (GDNF), TH, Mitotracker orange and myelin basic protein (MBP) in the olfactory 

bulb. GDNF did not markedly change with treatment but was lower after 8 day exposure to 

air and 3DP emissions than after 1 day treatment. After 30 day exposure, GDNF staining 

increased, but the stained area was still significantly less than it was after 1 day. TH labeling 

was also measured in the olfactory bulb. The area stained for TH was significantly lower in 

the olfactory bulbs of 3DP emission-exposed than air-exposed animals after 30 days (Figure 

5B). Alterations in mitochondrial function due to exposure to printer emissions was assessed 

by measuring the area of olfactory bulb sections stained with Mitotracker (Figure 5C). There 

were no significant changes in Mitotracker staining area following 1day treatment. However, 

after 8 days of exposure, there was a significant decrease in the stained area in both air and 

3DP emission exposed animals. After 30 day treatment, Mitotracker staining in air controls 

returned to 1day levels. However, Mitotracker staining in 3DP emission exposed olfactory 

bulbs was still significantly reduced compared to 30 day air controls. Myelin basic protein 

(MBP) immunostaining in the olfactory bulb was generally diminished in 3DP emission 

exposed than air control animals at all time points (Figure 5D), and this difference was 

significant after 1 and 8 day exposure. After 30 day treatment MBP staining in both control 

and emission exposed olfactory bulbs was comparable to that noted after 1 day.

Staining for indicators of oxidative stress, injury and neuroendocrine function were also 

examined in the hypothalamus (Figure 6). Mitotracker staining (Figure 6a) increased in 

the hypothalamus in both exposure groups. Fluoro-Jade staining (Figure 6b) was examined 

to determine if exposure to 3DP emissions resulted in any neural damage. There were 

no treatment or time related differences in Fluoro-Jade staining in either the air or 3DP 

emission exposed animals. Both the area of TH immunopositive staining (Figure 6c) and 

the mean number of labeled cells/section in the hypothalamus were counted (Figure 6d). 

Elevation in the region immunostained for TH were observed in the hypothalamus of 

both treatment groups between 1 and 8 day exposure. After 30 day treatment, the area 
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stained with TH returned to day 1 levels in both groups of animals. TH cell number in 

the hypothalamus (Figure 6d) increased in both groups of animals after 8 day exposure. 

However, after 30d ay treatment, TH cell number declined to day 1 levels in 3DP emission 

exposed animals. Figure 6e, f illustrate the area and average number of cells/section that 

were immunostained for GnRH. After 8 and 30 days exposure to air, the area stained with 

GnRH was greater than day 1 air controls and 3DP emission exposed animals (Figure 6e). 

GnRH immunolabeled cell number was elevated in both air and 3DP emission exposed 

animals after 8 day exposure and in air-exposed controls after 30 days (Figure 6f). However, 

after 30 day treatment, cell number in the 3DP-emission exposed animals returned to day 1 

levels and the number of cells was significantly lower than that seen in air-exposed animals.

The area immunolabeled for the luteinizing hormone (LHr; Figure 7a) and follicle 

stimulating hormone (FSHr; Figure 7b) receptors was also examined in the testes because 

these receptors may regulate the ability of LH and FSH to induce gamete production and 

steroidogenesis. Neither exposure condition nor exposure length influenced the area stained 

for either receptor.

Data collected to determine if exposure to 3DP emissions resulted in changes in testicular 

morphology is presented in Figure 8. Animals in both treatment groups showed a reduction 

in the number of Sertoli cells in the testes (Figure 8a–c), however in 3DP emission exposed 

animals, the reduction was greater at 8 days than it was in air exposed animals. In control 

animals, the number of Sertoli cells was lower after 30 day treatment than after 1day. The 

number of Leydig cells decreased between 1 and 8 days exposure, with cell number in 

3DP emission-exposed animals diminished than those in air exposed (Figure 8A, 8B,8 D). 

Spermatogonium number decreased in 3DP emission exposed animals through the exposure 

periods, with numbers at 30 days significantly lower than day 8 (Figure 8a–e). The density 

of mature sperm in the testicular lumen of 3DP-emission exposed animals was elevated after 

8 day exposure as compared to sperm levels after 1 day and as compared to mature sperm 

levels in control animals. After 8 day treatment, sperm levels were higher in both treatment 

groups than levels after 1 day. However, after 30 days of 3DP exposure mature sperm levels 

returned to levels detected after 1 day.

Transcript expression

Mean ± SEM transcript levels measured in the olfactory bulb are presented in Table 4. 

There was a significant reduction in c-Fos expression after 4 days of exposure and a rise 

in expression 30 days after exposure to 3DP emissions. The expression of the antioxidant 

superoxide dismutase (Sod2) was not markedly affected by exposure to 3DP emissions, but 

catalase (Cat) was reduced in the olfactory bulb after exposure to 3DP emissions at all 

timepoints. The expression of the pro-inflammatory factor tumor necrosis factor (Tnf)-α 
was significantly increased after 15 days exposure and the expression of the growth factor, 

glial-derived neurotrophic factor (Gdnf) was decreased after 1 day but elevated after 8 days 

of exposure to 3DP emissions.

In the hypothalamus, transcripts for factors involved in mediating vascular function, cell 

signaling, reproduction, pain, oxidative stress and glial growth were assessed (Table 5). 
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There were no significant day- or exposure-induced alterations in transcript expression in the 

hypothalamus.

Discussion

Plastic particulate and chemicals used in the production of plastics are released into the 

environment when plastics are heated or placed in a solution. The emissions from these 

plastics were reported to produce adverse health effects in both aquatic and land species 

(Burgos-Aceves et al. 2022; Dmytriw 2020; Martín et al. 2018; Rubio, Marcos, and 

Hernandez 2020; Suhyun et al. 2019). Recently, the use of 3D printers has increased, and 

there are data demonstrating that 3D printers used in areas that are not properly ventilated 

might generate and release high concentrations of respirable particulate and volatile vapors 

that may also affect health (Chan et al. 2020, Yi et al. 2016; Kim et al. 2015; Leso et al. 

2021; Vaisanen et al. 2022). The exact characteristics of the exposure, and the physiological 

and biological effects of the exposure, are dependent upon the concentrations and types of 

PM and VOC released during the printing process (Farcas et al. 2019; MT et al. 2020). 

The goal of the current study was to (1) determine what types of emissions were generated 

when printing with PC stock, and (2) assess the impact of this exposure on reproductive and 

neuroendocrine function.

Based upon the results of this study, evidence indicates that inhalation of 3DP emissions 

affects olfactory, neuroendocrine and reproductive function, and that these effects may be 

due to 3DP generated PM or VOC at various levels of the olfactory and hypothalamic/

pituitary/gonadal or thyroid (metabolic) axes. The effects of the exposure on neuroendocrine 

function are similar to those seen in animals exposed to BPA (Cimmino et al. 2020; Lehmler 

et al. 2018; Skledar and Masic 2016; Ullah et al. 2018). Bisphenol A concentrations 

measured in the PM in this study were lower than levels used to induce neuroendocrine 

effects in other published studies. There are other bisphenols in plastics might exert 

endocrine disrupting effects (Lehmler et al. 2018; Ullah et al. 2018). However, investigations 

measuring the various components of emissions generated by 3DP demonstrated that only 

BPA is measurable in PM generated by 3DP with polycarbonate stock (Stefaniak et al. 

2021). In addition, most of the other studies cited used an oral route of exposure (Lehmler et 

al. 2018; Li et al. 2020; Ma et al. 2019; Mustieles et al. 2015; National Toxicology Program 

2021; Rochester 2013; Skledar and Masic 2016; Vasiljevic and Harner 2021).There is one 

inhalation study that examined the impact of exposure to 10–90 mg/m3 BPA on estrous 

cycles and organ histological changes (Chung et al. 2017). There were no neuroendocrine 

effects induced by BPA exposure in the study by Chung et al. (2017). To say this may 

be attributed to the fact that BPA levels used in that study which were higher than those 

shown to induce neuroendocrine effects (National Toxicology Program 2021). A report 

by the National Toxicology Program showed that ingestion of 2.5 μg/kg BPA influenced 

neuroendocrine and reproductive function while ingestion of higher concentrations of this 

chemical (above 250 μg/kg) exerted no marked effect on neuroendocrine/reproductive 

measures (National Toxicology Program 2021). Modeled estimates of the deposition of BPA 

in the lungs of animals exposed to 3DP emissions in our study derived an approximately 

1.07 μg/kg equivalent dose after 30 days of exposure. Therefore, although the dose and 

duration of the exposure was lower in the current study than in the other investigations cited, 
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effects were noted on the neuroendocrine system, and these effects may be associated in part 

with bisphenols in the 3DP emissions.

It is like that there was accumulation of PM in the nose in this study. It is possible that 

PM in the olfactory system either chemically or physically interfered with transmission 

of olfactory cues. Olfactory cues are needed to maintain both reproductive and metabolic 

function (Dintica et al. 2019; Lumia, Zebrowski, and McGinnis 1987; Kendrick et al. 

1997). The mechanism by which inhaled fume components affect central nervous system 

function is not clear. 3DP emissions may impact the nervous system by directly entering the 

brain through the nose and olfactory system (Hubbs et al. 2011), or by altering olfactory 

input to regions of the brain that utilize olfactory information to regulate certain functions. 

For example, blocking olfactory input inhibits reproductive function (Lumia, Zebrowski, 

and McGinnis 1987; Powers and Winnans 1973). In the current study, it was found that 

inhalation of 3DP emissions resulted in a reduction in Mitotracker staining in the olfactory 

bulb after 1, 8 and 30 day exposure. The reduction in staining is indicative of a decrease 

in the number of active mitochondria in cells within the olfactory bulb (Buckman et al. 

2001; Krajnak 2020; Kudryavtseva et al. 2016; Yu et al. 2016). A change in the number 

of active cells or in cell function might result in a reduction in olfactory signaling to the 

brain (Esposti et al. 1999; Kasahara and Scorrano 2014; Kudryavtseva et al. 2016). This 

alteration in active mitochondria in the olfactory bulb may be attributed to inhalation of 

PM, or to the estrogenic effects of BPA on mitochondrial function in exposed cells (Yager 

and Chen 2007). The decrease in Mitotracker staining was also accompanied by a reduction 

in GDNF and myelin basic protein (MBP) staining. GDNF was shown to be co-localized 

in myelinating glia Schwann cells and ensheathing cells in the olfactory bulb (Dintica et 

al. 2019; Kucera et al. 2019; Woodhall, West, and Chuah 2001). As mentioned above, a 

reduction in myelination of cells that project from the olfactory bulb to the brain may lead 

to decrease in the transmission of olfactory information and alterations in the transduction 

of cues that modulate reproductive and metabolic physiology (Baroncini et al. 2007; Lumia, 

Zebrowski, and McGinnis 1987; Mackay and Abidzaid 2018).

TH immunostaining (neurons and fibers) was also diminished in the olfactory bulb of 3DP 

emission exposed animals. TH is the rate limiting enzyme in production of dopamine, which 

is one of the major neurotransmitters used to transmit olfactory cues from the olfactory bulb 

to the brain (Banerjee et al. 2013; Dluzen, Park, and Kim 2002; Harvey and T Heinbockel 

2018; Li et al. 2017). A reduction in TH staining or TH/dopaminergic cells might also be the 

result of, or associated with, decrease in functional mitochondria number. These findings are 

consistent with the notion that inhalation of 3DP emissions may interfere with transmission 

of olfactory information to various regions of the brain and influence the activity of cells 

regulating reproduction and metabolism in the hypothalamus (Baroncini et al. 2007; Chung 

et al. 2017; Mackay and Abidzaid 2018).

The PCR data from the olfactory bulb are for the most part consistent with the histological/

immunohistological findings. Exposure to 3DP emissions resulted in a reduction in catalase 
transcript levels which was significant 1 and 8 days following exposure. It’s possible that 

the reduction in the antioxidant, catalase, contributed to the rise in oxidative stress, and that 
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the increase in oxidative stress induced inflammation and cell damage in the olfactory bulb 

(Kudryavtseva et al. 2016).

Alterations in mitochondria may also have contributed to functional alterations in the 

myelinating Schwann cells in the olfactory bulb. Schwann cells in the olfactory bulb may be 

identified by immunostaining for MBP. Myelinating cells regulate a number of functions 

in the central nervous system. Myelinating cells remove debris after injury and affect 

neurotransmission by regulating metabolites used in the synthesis of neurotransmitters, 

and the enzymes that induce the degradation of neurotransmitters. Myelinating cells affect 

neuronal connectivity by regulating the physical and chemical communication between 

cells; as well as modulate glucose utilization (LeLoup et al. 2016; Morel et al. 2017). 

Although olfaction was not measured in the current experiment, changes in (1) myelination 

of axons, (2) TH immunolabeling, and (3) number of active mitochondria suggest that 

exposure to 3DP emissions may result in a reduction in olfactory cell function. Changes in 

olfaction were reported to affect maternal recognition of neonates, the timing of puberty, 

reproductive behavior, food intake and one trial learning taste aversion (). Alterations in 

olfaction were also used as an early marker to detect the onset of neurodegenerative diseases 

(Dintica et al. 2019).

There were also alteration in immunostaining in the hypothalamus. These effects may 

not be the direct result of PM- or chemical-induced injury to cells, but rather from 

changes in other regions of the brain that regulate hypothalamic neuronal modulation of 

endocrine function. For example, no treatment-related effects were observed with either 

Mitotracker or Fluoro-Jade staining in the hypothalamus, indicating that there were no 

3DP emission-related alterations in the hypothalamic mitochondrial levels or neuronal cell 

injury. However, exposure to 3DP emissions did alter TH and GNRH immunostaining. 

TH immunostaining increased in both air and 3DP emission exposed animals after 8 day 

exposure and remained high in the hypothalamus of air-exposed animals after 30 days. 

However, in 3D-emission treated animals, TH levels were significantly decreased after 

30 days. TH immunostaining is seen in dopamine (DA) neurons and fibers and is used 

to identify DA neurons in the hypothalamus. It also has been used as a marker of DA 

neuron activity because changes in immunostaining were associated with alterations in the 

synthesis and release of DA in the hypothalamus (Badasz et al. 2007; Vecchio et al. 2021). 

More specifically, DA is synthesized and released from the tuberoinfundibular DA (TIDA) 

neurons in the arcuate and paraventricular nucleus of the hypothalamus, and inhibit release 

of prolactin and other hormones from the anterior pituitary. In turn, prolactin feedbacks onto 

TIDA neurons to regulate the release of DA (Freeman et al. 2000). In this study, 8 day 

treatment elevated immunolabeling for TH and this rise was associated with a reduction in 

circulating prolactin concentrations in both air and 3DP emission exposed animals. After 

30 day exposure prolactin concentrations returned to levels seen with 1 day in air-controls 

but was significantly decreased in 3DP emission exposed animals. The lower levels of TH 

immunolabeling (and possibly DA concentrations) noted after 30 day exposure to 3DP 

emissions might be the result of a longer-term decline in prolactin (Vecchio et al. 2021). TH 

levels (and DA) levels may have declined to enable prolactin synthesis and release to rise. 

Changes in TH (or DA synthesis and release) may have also contributed to the observed 

decrease in circulating TSH concentrations (Connell et al. 1985; Hanew et al. 1991)
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There were also changes in hypothalamic GnRH, with exposure to 3DP emissions associated 

with a significant reduction in GnRH cell number after all treatments. However, GnRH 

immunostaining did not fall below 1 day levels during the experiment. The decrease in cell 

number after all exposures, and the reduction in fiber area after 30 day treatment suggests 

that exposure to 3D printer emissions may have initially induced a rise in the synthesis and 

release of GnRH which may have stimulated enhanced FSH release. It is possible that a 

longer duration exposure to printing emissions, or treatment with a higher dose, may have 

induced a further reduction in GnRH levels and eventually resulted in diminished FSH 

levels, which subsequently may have contributed to the decrease number of spermatogonium 

seen after 30 days (Ma et al. 2019; Ullah et al. 2018; Mustieles et al. 2015). There were no 

significant changes in transcript expression in the hypothalamus (Table 5). It is possible that 

either the exposure duration was not sufficient, or the dose was not high enough to induce 

alterations in transcript expression.

Occupational exposures to 3D-printer emissions and bisphenols have been associated with 

dysfunction of the hypothalamic-pituitary-gonadal and/or thyroid axes in workers (Cimmino 

et al. 2020; Li et al. 2020; Mustieles et al. 2015; Rochester 2013). We didn’t assess 

These changes were not assessed in the pituitary in the current study; however, circulating 

concentrations of certain anterior pituitary hormones were determined. There were decreases 

in circulating concentrations of TSH and prolactin, and significant increases in FSH after 

30 days of exposure. The overall reduction in TSH may be attributed to an increase in 

circulating TH levels. The animals used in this study are between 6 and 8 weeks of age 

and still undergoing significant growth during this period. Therefore, it is possible that 

the overall decrease in circulating TSH occurred in response to changes in circulating TH 

concentrations. The additional fall that was noted in 3D-emission exposed animals may 

have been associated with effects of exposure on the pituitary or the thyroid. Exposure to 

BPA during development was found to affect growth and TH levels (National Toxicology 

Program, 2021). Additional studies examining the influence of inhalation of 3DP emissions 

on these endocrine glands might aid in determining the underlying mechanism(s) by which 

inhalation of 3D-printer fume affects TSH and TH concentrations.

FSH concentrations also changed over time, but this change was primarily in air control 

animals. Following a 1 day treatment, FSH concentrations were below the level of 

detectability in control animals, and higher in animals exposed to 3DP. However, after 

30 day exposure, there was an elevation in FSH in controls, but no marked change in 3DP-

exposed animals. The inability to detect FSH in control animals may have been the result 

of stress where the animals were not familiar with the exposure chamber or the sound of 

the exposure system. For example, stress-related hormones such as cortisol and corticotropic 

releasing hormone enhance release of gonadotropins in both males and females (McCosh 

et al. 2022; Myerhoff et al. 1990). The higher levels of FSH in 3DP exposed animals may 

be attributed to the estrogenic actions of BPA, which in males stimulates gonadotropin and 

gamete production (Brouard et al. 2016). Finally, FSH is also a pulsatile hormone and it 

is possible that a combination of lower overall release of FSH and sampling at the nadir 

of a pulse, when FSH is lower, led to levels appearing lower in control animals on day 1. 

The increase in FSH in air controls after 30 days of exposure, may have been due to an 

acclimation of this hormone in these animals related to the exposure system or age. The 
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alterations in FSH were not associated with significant changes in estradiol concentration. 

The effects of exposure on testosterone concentrations were not examined as there was not 

enough plasma to perform this assay. There are studies that demonstrated that exposure to 

bisphenols affect testosterone concentrations (Cimmino et al. 2020; Skledar and Masic 2016; 

Ullah et al. 2018), and thus it is conceivable that circulating testosterone concentrations were 

also reduced in this experiment. It is of interest that significant changes were detected in 

Sertoli and Leydig cell number early during the exposure, as well as a longer-term decrease 

in spermatogonium, suggesting that 3DP emission exposure may lower the number of sperm 

in males. Additional data needs to be collected to determine if these changes were due to the 

effects of 3DP emission exposure on the hypothalamus and pituitary, or to the direct effect of 

3DP emissions on the testes.

Conclusions

The results of this study are consistent with other data demonstrating that certain plastics 

used for 3DP may exert effects on the neuroendocrine system by acting at the level of 

the hypothalamus, and possibly the pituitary and gonads. These alterations are consistent 

with those of other studies demonstrating that BPA, which is present in 3D emissions 

generated using polycarbonate plastics, exhibit the potential to act as endocrine disruptors 

(this study and Stefaniak et al. 2021). However, one cannot rule out the possibility that 

the effects may have also been due to PM accumulation in various tissues that are part of 

hypothalamic-pituitary-axis.

There are engineering controls that have been designed to prevent exposures to plastic PM 

and VOC generated during 3DP. For example, newer, high performance 3D printers include 

lids and ventilation systems that reduce exposure for the operator. These controls are often 

seen on printers used in large manufacturing settings. However, less expensive 3D printers 

that are more likely used in small businesses, homes, and schools often do not possess 

control strategies used to contain emissions or to remove particles and therefore may pose a 

hazard (Yi et al. 2016; House, Rajaram, and Tarlo 2017; Stefaniak et al. 2018).

Even if there are ventilation systems to remove the plastic PM from the air, this particulate 

is often released into the environment where it is deposited in soil and water sources 

(Raddadi and Fava 2019). There are a number of published studies demonstrating that 

microplastics, and the chemicals released during their degradation, exert significant effects 

on the health and development of both humans and aquatic organisms (Burgos-Aceves 

et al. 2022; Dmytriw 2020; Rubio, Marcos, and Hernandez 2020; Sharma and Chatterjee 

2017; Wright and Kelly 2017). The current experiment focused on the effects of 3DP in 

males because the models for particle deposition were developed in males (Porter et al. 

2001). However, females may respond differently because their exposure may be different. 

Respiratory rate might be affected by a number of factors including age, gender, size of 

a human or animal or preexisting conditions (Nadziejko et al. 2002; Wallis et al. 2005) 

and differences in respiration due to these factors may affect the levels and deposition 

of particulate in the respiratory system. Females may also display different responses 

and changes in various biomarkers may vary, especially when looking at the effects on 

the endocrine and neuroendocrine systems. Additional studies need to be conducted to 
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examine the effects of exposure to 3DP emissions on the endocrine system and on general 

physiological processes. Additional research better characterizing the potential uptake of 

these particles in humans and animals, and the rate at which they dissolve in the body is 

important. Further, knowing which toxicants are contained in various plastics might provide 

information that may lead to development of plastic polymers that contain fewer substances 

that might pollute the environment and endanger the health of both humans and wildlife.
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Figure 1. 
Chamber particle characterizations. Particle mass concentration (red line) and particle count 

concentration (blue line) vs time during a single 4 hr exposure.
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Figure 2. 
Particle size measures. (a) Electrical mobility equivalent diameter (FMPS) size reading from 

the exposure chamber during printing (particle count based size distribution); (b) Particle 

size distribution from (a) converted to mass assuming all particles were spherical and had a 

density of 1 g/cm3; (c) Particle mean electric mobility diameter vs time during four different 

4- hour exposures.
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Figure 3. 
Body weights in rats exposed to 1, 4, 8, 15 or 30 days of air or 3DP emissions. Animals 

exposed to 3DP emissions for 15 and 30 days had lower body weights than air controls 

(*significant, p < 0.05).

Krajnak et al. Page 23

J Toxicol Environ Health A. Author manuscript; available in PMC 2023 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Average plasma hormone concentrations. Average circulating TSH concentrations were 

lower after 30 day exposure to both air and 3DP emissions, with concentrations in animals 

exposed to 3DP emissions lower than air controls after exposure (a). Average circulating 

FSH concentrations were undetectable in control animals after 1 day exposure, but increased 

in air control animals after 30d of exposure. FSH concentrations in 3DP emission exposed 

animals did not change over time, but were lower than air control animals at 30 days (b). 

Average circulating prolactin concentrations in 3DP emission exposed animals were lower 

at 30 days compared to 1day air exposed and 1day emission exposed animals (c). Average 

circulating estradiol concentrations did not change over time or between exposures (d). 

^ significantly different than 1 day, p < 0.05, *significantly different than same day air 

controls, p < 0.05.
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Figure 5. 
Photomicrographs of the olfactory bulb after 1 or 30 day exposure and graphs showing 

the %of the total area immunolabeled (± sem) in the olfactory bulb at 1, 8 and 30 day 

after exposure. Exposure to air and 3DP emissions resulted in a reduction in GDNF 

immunolabeling 8 and 30 day following exposure as compared to 1 day after exposure 

(a). The area of the olfactory bulb immunolabeled for TH generally did not change over 

the exposures but was lower than air controls in 3DP emissions exposed animals after 30 

days exposure (b). The area labeled for Mitotracker orange was significantly lower 8d after 

exposure to air or 3DP emissions. However, by 30day, labeling returned to 1day levels in 

air controls, but remained reduced in 3DP emission exposed as compared to air exposed 

(c). Myelin basic protein (MBP) immunolabeling was reduced 1 and 8 day after exposure 

to 3DP emissions; both air and 3DP emission exposed animals had lower levels of MBP 

immunostaining at 8d compared to 1 day exposure groups. By 30day, MBP immunolabeling 

was returning to 1day levels (d). ^ significantly different than 1d, p < 0.05, *significantly 

different than same day air controls, p < 0.05. Bar is 100 μm.
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Figure 6. 
Photomicrographs of the hypothalamus after 1 or 30 day exposure and graphs showing the 

% area immunolabeled in the hypothalamus 1, 8 and 30 day after exposure. The area stained 

with Mitotracker orange was significantly increased 8 and 30 day after exposure to air and 

3DP emissions (a). Fluoro-Jade staining, a marker of neuronal injury, did not change in any 

treatment group over the length of the experiment (b). The number of tyrosine hydroxylase 

(TH) immunolabeled cells/section was increased 8 day after exposure to both air and 3DP 

emissions, but returned to 1day levels after 30 day exposure (c). The area immunolabeled 

(including neurons and fibers) with TH was significantly increased after 8 day exposure 

in both air and 3DP emission exposed animals. TH immunostaining remained elevated in 

air controls, but was lower in 3DP emission exposed animals than air controls after 30 

day exposure (d). The number of gonadotropin releasing hormone (GnRH) immunolabeled 
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neurons was higher in air controls at 8 and 30 day after exposure compared to 1day neuron 

numbers. The number of GnRH neurons was significantly lower in 3DP-exposed animals as 

compared to air controls 8 and 30 day after exposure (e). GnRH immunolabeled fibers were 

increased after 8 day exposure to air and 3DP emissions compared to 1day levels. GnRH 

immunolabeled areas remained high after 30 day exposure to air, but declined after 30 day 

exposure to 3DP emissions. ^ significantly different than 1 day, p < 0.05, *significantly 

different than same day air controls, p < 0.05. Bar is 100 μm.
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Figure 7. 
The area immunolabeled for luteinizing hormone (LH) receptor (LHr; A) and follicle 

stimulating hormone FSH receptors (FSHr; B) in the testes did not change over the course of 

the exposure in air or 3DP-emission treated animals.
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Figure 8. 
The photomicrographs at the top of the figure show H&E labeled testes from an air control 

(a) and 3DP emission (b) exposed animal 30 day after exposure. The graphs show the 

number of various cell types in the testes determined using stereological procedures. The 

average number of Sertoli cells/section (c; and green arrows in a) was lower in 3DP emission 

exposed than air-exposed animals after 8 day, and Sertoli cell number was reduced in both 

air and 3DP exposed animals 30 day after exposure. Leydig cell (d and orange arrow in a) 

number was lower in 3DP exposed than air control animals 8 day after exposure, as well as 

lower than the 1d 3DP emission group. The average number of spermatogonium/section (e 

and light blue arrow in a) decreased for both treatment groups through the time course of 

exposures. After 30 day exposure to 3DP emissions, spermatogonium numbers were lower 

than they were after 1 day as well as to same day air controls. The density of sperm in the 
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testicular lumen (f and dark blue arrow in a) was higher at 8 day after exposure to air or 3DP 

emissions than after 1 day exposure. After 30 day exposure, sperm density returned to 1day 

levels. ^ significantly different than 1 day, p < 0.05, *significantly different than same day 

air controls, p < 0.05.
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