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6 Effects of perfluorooctane sulfonate and alternatives on long-
7 term potentiation in hippocampus CA1 region of adult rats in vivo

8 Qian Zhang®, Wei Liu*', Qiao Niu®, Yu Wang®, Huimin Zhao™', Huifang Zhang®, Jing Song”,
9 Shuji Tsuda®, Norimitsu Saito®

10 with limited but ongoing usage of perfluorooctane sulfonate (PFOS), the health effects of both PFOS and its alternatives
11 are far from being understood. Long-term potentiation (LTP) was evaluated in rats after exposure to PFOS and
12 alternatives, aiming to provide some evidence about their potential to affect cognitive ability. Different dosages of PFOS
13 and alternative chemicals, including perfluorohexane sulfonate (PFHxS), perfluorobutane sulfonate (PFBS) and chlorinated
14 polyfluorinated ether sulfonate (CI-PFAES), were given to rats via acute intracerebroventricular injection. The field
15 excitatory postsynaptic potential (fFEPSP) amplitude of the input/output functions, paired-pulse facilitations, and LTP in
16 vivo were recorded. PFOS and alternatives inhibited LTP in varying degrees, without significant effects on the normal
17 synaptic transmission. In addition, PFHxS and CI-PFAES exhibited comparable potential to PFOS in disturbing LTP. The
18 results suggested that acute exposure to PFOS and alternatives impaired the synaptic plasticity by a postsynaptic rather
19 than presynaptic mechanism. Besides, the fEPSP amplitude of baseline was reduced by CI-PFAES but not by other
20 compounds, indicating that CI-PFAES might act in a different mode. Providing some electrophysiological evidence and
21 potential mechanism of the neurotoxicity induced by PFOS and alternatives, the present study addresses further
22 evaluation of their safety and health risk.

23 Introduction

24 Perfluorooctane sulfonate (PFOS) is an eight-carbon fully
25 fluorinated organic chemical, which is extremely stable and
26 resistant to be degraded by biological metabolism and other
27 physiochemical processes.1 Due to its physicochemical stability
28 and oil- and water- resistance, PFOS has been extensively used
29 in a variety of industrial processes and consumer applications,
30 leading to its ubiquitous presence in various environmental
31 matrices, even in human and wildlife.> In 2009, PFOS was listed
32 into Annex B of the Stockholm Convention on Persistent Organic
33 Pollutants. According to the Stockholm Convention, although
34 the ultimate goal is the elimination of PFOS-based substances,
35 production of these chemicals may continue for limited
36 purposes and 15 or more uses will be allowed, including uses
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37 that disburse PFOS directly into the environment, such as
38 firefighting foams and pesticides.

39 Meanwhile, the replacement of PFOS by alternatives is
40 undergoing a fast development. Possessing similar oleophobic
41 and hydrophobic properties with PFOS, easier degradation and
42 faster elimination out of the body for the fluorinated
43 compounds with shorter carbon chain length refer to an
44 expectation of lower toxicity and health risk. Therefore,
45 perfluorohexane sulfonate (PFHxS) and perfluorobutane
46 sulfonate (PFBS), with six and four perfluorinated carbon atoms,
47 respectively, were regarded as the appropriate alternatives of
48 pros.* Correspondingly, increasing temporal trends of PFHxS
49 levels have been observed in primiparous women from Sweden
50 during 1996-2010.> And PFHxS was also extensively found in the
51 breast milk collected from seven countries in Asia, at
52 concentrations comparable to the report from Sweden.®
53 However, limited information is available about the toxicity of
54 PFHxS and PFBS. Lower bioaccumulation and toxicity of the
55 short carbon chain perfluorinated compounds were reported
56 that C4-based chemicals are neither bioaccumulative nor toxic
57 in a battery of environmental and safety tests.*” However,
58 recent studies showed that neonatal PFHxS exposure exhibited
59 similar potency to PFOS in altering both spontaneous behavior
60 and neuroprotein levels.®™ Moreover,  chlorinated
61 polyfluorinated ether sulfonate (CI-PFAES, CsCIF;50,SK, locally
62 called F-53B) has been used as the only available mist
63 suppressant in Chinese electroplating industry before the
64 emergence of PFOS related products.12 After phasing out of
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65 PFOS, CI-PFAES might obtain a larger market share and
66 potentially expand from the industries that use PFOS currently.
67 However, this PFOS alternative has been overlooked for over 30
68 years until the first report of its toxicity, degradability and
69 environmental presence by Wang et al. 2 CI-PFAES was
70 classified as not readily degradable in Closed Bottle Test, and its
71 LC, (96h) was 15.5 mg/L, which belonged to the same class as
72 PFOS. Remarkably, CI-PFAES was detected at high
73 concentrations, 43-78 pg/L and 65-112 ug/L for the effluent and
74 influent, respectively, in wastewater from the chrome plating
75 industry in the city of Wenzhou, China."> Moreover, Cl-PFAES
76 was not successfully removed by the wastewater treatments in
77 place and was found in the surface water at similar levels to
78 PFOS, 10-50 ng/L.12 Ruan et al”® reported that CI-PFAES were
79 detected in the municipal sewage sludge samples collected
80 around China, at relatively high levels following the PFOS levels.
81 Most recently, it was also found to be bioaccumulated in
82 crucian carp, with whole body bioaccumulation factors
83 exceeding the regulatory bioaccumulation criterion and
84 significantly higher than those of PFOS in the same data sets.™
85 Thus, it is of substantial significance to further evaluate the
86 health effects of CI-PFAES, as well as other PFOS alternatives.
87 Nervous system appears to be one of the most sensitive
88 targets of environmental contaminants, which have been
89 speculated as the possible reason for an increased prevalence
90 and earlier occurrence of neurodegenerative diseases, such as
91 Alzheimer's and Parkinson’s disease.”” Several pieces of
92 evidence suggest that PFOS can cross the bIood-brain-barrier,lG'
93 ® and the neurotoxicity of PFOS has been studied at multiple
94 biological levels during neural development.19 PFOS exposure
95 was correlated with a reduction in learning and memory
96 abilities exposed during prenatal period, affecting the
97 spontaneous behavior and habituation.'***?! In addition, PFOS
98 presented adverse effects on nervous system at the cellular
99 level, inducing not only deficits in cell growth and viability, but
100 also  shifts in differentiation.”> PFOS also inhibited
101 synaptogenesis and synaptic transmission, where the
102 expression of postsynaptic density protein 95 (PSD95) in
103 cultured neurons and synaptophysin in the hippocampus of
104 neonatal mouse was repressed.w‘23 Key factors in the induction
105 of long-term potentiation (LTP) were identified by global gene
106 expression in rats with prenatal and neonatal PFOS exposure.”*
107 Furthermore, some other neurotoxicological findings of PFOS
108 also suggest that PFOS possibly affect LTP including the calcium
109 imbance, the effects on Ca** /calmodulin-dependent protein
110 kinase 1l (CaMKIl) and protein kinase C (PKC), and the
111 interaction with glutamate receptors including N-methyl-D-
112 aspartic acid (NMDA) receptors.”>?® Therefore, research
113 concerning the mechanism related to synaptic plasticity would
114 be valuable for a better understanding of the neurotoxicity of
115 PFOS and its alternatives.
116 Long-term potentiation, as the physiological
117 learning and memory, is employed as the primary cellular and
118 molecular model to evaluate synaptic plasticity.”’ LTP can be
119 initiated in certain areas of central nervous system by a brief

basis of
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120 high frequency stimulus which symbolized with a prolonged
121 increase in synaptic responses. It is extensively studied in the
122 neurotoxicity of environmental pollutants to evaluate the
123 capacity for information processing and storage by neural
124 network.  Polychlorinated  biphenyl (PCB) 153  and
125 decabrominated diphenyl ether (PBDE) 209 have been shown to
126 block LTP of rats both in vitro and in vivo, leading to reduction in
127 learning and memory abilities.>®** Chronic lead (Pb) and
128 aluminum (Al) exposure also impaired LTP in rats, which has
129 been associated with cognitive dysfunction and neuronal
130 diseases.**™

131 The present study compared the neurotoxicity of PFOS and
132 its alternatives by examining electrophysiological activity
133 through acute intracerebroventricular (i.c.v.) administration.
134 Intracerebroventricular administration is a fundamental method
135 in the research of neurotoxicity and pharmacology, which can
136 get the compounds go through the "blood-brain" barrier and
137 affect the central nervous system directly.a“'36 Therefore, the
138 i.c.v administration is valuable to avoid underestimating the
139 neurotoxicity effects of PFOS and its alternatives, since the
140 distribution of target chemicals into the brain may be limited in
141 the acute toxicity test. Furthermore, i.c.v. administration is also
142 helpful in reducing the effects of the differences in the
143 pharmacotoxicological ~ kinetics among the  chemicals.
144 Input/output (1/0) functions, paired-pulse facilitations (PPF),
145 and LTP in hippocampus CA1 region of rat in vivo were
146 monitored after exposure to PFOS, PFHxS, PFBS and CI-PFAES.
147 To our best knowledge, this is the first study on the LTP in vivo
148 affected by exposure to PFOS and its alternatives. Based on
149 these observations, some evidence is provided on the
150 neurotoxicity and potential mechanisms of PFOS and its
151 alternative compounds.

152 Results
153 Effects of PFOS and Alternatives on LTP

154 The raw data collected for LTP monitoring were showed in
155 Fig.1 A. After the tetanic stimulation, the stable fEPSP amplitude
156 increased up to 1.9-2.3 folds of the baseline, and then decline to
157 different degree with time. The amplitude of fEPSP in rats from
158 control group kept above 140% of baseline in 60 min (Fig. 1B).
159 Exposure to PFOS and its alternatives induced obvious
160 repression of the LTP except CI-PFAES at 10 uM (Fig. 1B). Fig.1C
161 presented fEPSP amplitude at 60 min after HFS. The fEPSP
162 amplitude of control group was 141% of the baseline. In the low
163 dose treatment group, PFOS and PFHxS reduced the fEPSP
164 amplitude of LTP, although the reduction did not reach
165 statistical significance because of the large standard error.
166 PFOS, PFHxS, and CI-PFAES at 100 uM significantly lowered the
167 fEPSP amplitude compared with control. Moreover, significant
168 differences between low and high concentrations treatment
169 were observed for PFOS and CI-PFAES. It seemed like that PFBS
170 also inhibited the LTP as showed in Fig.1B, but no significant
171 change was observed at 60 min after HFS.
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172 Fig.1 Effects of PFOS and alternatives exposure on LTP in hippocampus
173 cA1 region of rat. (A) Representative raw data traces before and after
174 induction of LTP. The solid line is the fEPSP amplitude before HFS, and
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175 the dashed line is the fEPSP of LTP at 60 min after titanic stimulation. (B)
176 Pooled data of standardized fEPSP amplitude monitored before and
177 after HFS. Each point represents the mean fEPSP amplitude of three
178 responses of stimuli. (C) Pooled results of LTP at 60 min after HFS. a/A,
179 b/B, ¢/C, d/D indicate the difference with control, PFOS, PFHxS and PFBS
180 groups, respectively. The lowercase letters indicate significant
181 difference at p < 0.05 among control and low dose group of four
182 compounds. The capital letters indicate significant difference at p < 0.05
183 among control and high dose group of four compounds. Asterisks
184 indicate significant difference at p < 0.05 between low and high dose
185 group of the same compound.

186
187 After exposure to PFOS, PFHxS and PFBS by i.c.v. injection,

188 no significant impacts on the fEPSP amplitude before HFS were
189 observed (Fig.1B). But CI-PFAES injection decreased the fEPSP
190 amplitude of the baseline, especially the high dose treatment.
191 To further testify the observed effect of CI-PFAES on baseline,
192 the baseline recording was prolonged to 90 min after CI-PFAES
193 injection. As shown in Fig.2A, the inhibition on fEPSP amplitude
194 induced by CI-PFAES was irreversible and was still observed 90
195 min after injection. A slight but statistically significant decrease
196 in baseline fEPSP was observed in 10 pM CI-PFAES group and a
197 further depression was apparent in 100 uM group (Fig.2B).
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200 Fig.2 Effects of CI-PFAES at 10 uM and 100 uM on baseline of fEPSP
201 amplitude. (A) Basal fEPSP amplitude recordings 30 min before CI-PFAES
202 injection and 90 min after injection. Each point represents the mean
203 fEPSP amplitude of three responses of stimuli. (B) The averaged fEPSP
204 amplitude before and after injection of 10 uM and 100 uM CI-PFAES.
205 Pre-injection averaged the fEPSP amplitude in 30 min before injection,
206 and post-injection averaged the fEPSP amplitude in 90 min after
207 injection. *: p < 0.05, **: p < 0.01.

208
209 Effects of PFOS and Alternatives on 1/0 curves and PPF

210 To test the effects of PFOS and alternatives on basic
211 synaptic transmission and short-term synaptic plasticity in CA1
212 region, 1/0 curves and PPF were measured before induction of
213 LTP. Fig.3A illustrated the relationship between stimulus current
214 and fEPSP amplitude in rats from control and treatment groups.
215 There were no remarkable changes in fEPSP amplitude at
216 stimulus current of 0.1-1.0 mA in 10 pM treatment groups
217 compared with control, with significant differences observed in
218 few scattered points in 100 uM groups. As shown in Fig.3B, all
219 the groups exhibited a maximal facilitation at inter-pulse
220 interval of 60 ms, but neither 10 uM nor 100 uM of PFOS and
221 alternatives posed significant effects on the average peak
222 facilitation compared with control group.

223 Discussion

224 The present study evaluated and compared the neurotoxic
225 effects of PFOS, PFHxS, PFBS and CI-PFAES in vivo on synaptic
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226 Fig.3 Effects of exposure to PFOS and alternatives in10 pM and 100 uM
227 on1/0 curves and PPF in hippocampus CA1 region in vivo. (A) 1/0 curves
228 of fEPSP amplitude at varying stimulus current of 0.1-1.0 mA. (B) PPF of
229 the fEPSP amplitude at varying ISIs of 10-400 ms.

230

231 plasticity and elucidated the possible mechanism. To our best
232 knowledge, this is the first study on LTP affected by
233 perfluroalkyl compounds (PFCs) exposure in vivo. The findings
234 added significant electrophysiological evidence that PFOS and
235 alternatives exposure results in the impairment of synaptic
236 plasticity.

237 The present findings about the impairment of LTP induced
238 by PFOS and its alternatives provided electrophysiological
239 evidence of their neurotoxicity, consistent with the behavioral
240 alterations reported in previous studies. Fuentes et al. 2
241 reported that shortened retention in water maze probe task
242 was induced by administration of 3 mg PFOS/kg/day via gavage
243 for four consecutive weeks in adult mice. In the study of
244 johansson et al. 7, hyperactivity and the deficits in spontaneous
245 behavior and habituation were observed in mice treated with a
246 single-oral dose of PFOS on PND10. And our previous study
247 further demonstrated that prenatal and postnatal PFOS
248 exposure to PFOS caused the prolonged escape latency in water
249 maze test of the rat pups, suggesting the decline in spatial
250 learning and memory abilities. ™ Although the relevance of LTP
251 to some of these behavioral alternations is still unclear, our
252 observations at minimum provide a possible cellular substrate
253 for some of these alterations.

254 Up to now, little information is available about the toxicity
255 of PFOS alternatives. The present study found that PFHxS
256 exhibited comparable potency to PFOS in affecting LTP,
257 consistent with previous study that PFHxS exposure posed
258 similar neurotoxic effects with PFOS in both behavior indicators
259 and neuroproteins levels of mammals.®® Viberg et al. 8 reported
260 that a single neonatal PFHxS dosage altered adult spontaneous
261 behavior and cognitive function. Further, Lee and Viberg ° found
262 that neonatal PFHXS exposure altered neuroprotein levels, e.g.
263 CcaMKIl, GAP-43, synaptophysin and tau, essential for normal
264 brain development in mice. And these neurotoxic effects of
265 PFHXS were similar to that observed for PFOS.'*™ These

4| J. Name., 2012, 00, 1-3
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266 support the results from the present study and suggest that
267 PFHxS and PFOS have similar neurotoxic potency and
268 mechanism of action. In contrast, the
269 electrophysiological examination found that PFBS exhibited
270 relatively lower potency to impair LTP than the other three
271 target compounds. Similarly, only mild reduction in red blood
272 cell counts, hematocrit, and hemoglobin were observed in male
273 rats given 600 mg/kg PFBS 90-day via oral gavage, and no
274 abnormal behaviors in motor activity and functional observation
275 battery were noted.” PFBS has a much lower potential for
276 accumulation in human serum, and the minimal doses to elicit
277 the same degree of hepatotoxicity was approximately 600 times
278 lower than that of PFOS.”*’

279 The elimination kinetics has been regarded as a decisive
280 factor leading to the difference of PFCs homologues in their
281 toxicity potency, where the rate of elimination is related to
282 carbon chain length.®® Olsen et al. ¥ reported that in human
283 serum geometric elimination half-life of PFOS was 1751 days,
284 with 2662 days for PFHxS and 25.8 days for PFBS. Kudo et al. *°
285 observed a tendency that perfluoroalkyl carboxylates (PFACs)
286 with longer carbon chain length were less eliminated in urine in
287 both male and female rats. Although the elimination in itself
288 may control less to the difference among target compounds in
289 LTP inhibition after acute exposure in the present study, similar
290 mechanism underlies the bioaccumulation potency and toxicity.
291 The difference in the hydrophobicity of the PFCs compounds
292 and the corresponding bioavailability to the target cells may be
293 an important reason.”’ It had been demonstrated that C4-C6
294 PFCs is less hazardous than C7- C8 PFCs both in mammals and in
295 aquatic organisms.41 Together with the findings in the present
296 study that PFOS and PFHxS posed higher potency to affect LTP,
297 the concern is raised about the neurotoxicological potential of
298 long carbon chain PFCs. Recently, Route et al. ** found
299 perfluorodecane sulfonate (PFDS) was the second abundant
300 analytes, taking up 23% of the PFCs amount in the blood plasma
301 of the wild bald eagle in the upper Midwestern United States.
302 Therefore, further toxicological evaluation of the long carbon
303 chain PFCs is necessary.

304 The present study is the first about the neurotoxicity of CI-
305 PFAES. Different from PFOS, PFHxS and PFBS, CI-PFAES showed
306 the potency to inhibit the fEPSP amplitude of baseline,
307 indicating that CI-PFAES might act in a different mode on
308 synaptic transmission from perfluoroalkyl acids. Similar
309 phenomena were observed when PCB153 and sodium valproate
310 (VPA) was administered to hippocampal slices, when both the
311 amplitude of the fEPSP of baseline and LTP were decreased.’**
312 PCB153 has widely been considered lacking in significant toxicity
313 due to its poor activity with Ah receptor. However, the findings
314 about its effects on LTP suggest that it may not be the case.”
315 VPA was considered as an excitotoxicant which induced
316 apoptotic neurodegeneration in the developing rat brain,

present

317 lowered excitatory neurotransmission might be the reason for
318 the inhibition of baseline.** Comparing the chemical structure
319 with PFOS, CI-PFAES with a lager molecular volume and
320 contained an ether group inside the carbon chain, which
321 characterized an increasing hydrophobicity and better flexibility
322 of the fluorinated chain making CI-PFAES easier to be

This journal is © The Royal Society of Chemistry 20xx
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323 incorporated into the lipid bilayer of the cell membrane.”® As
324 Wang et al. * reported, the acute LCs, of CI-PFAES is similar to
325 that of PFOS, where the slope of the dose-response curve of Cl-
326 PFAES was even higher than that of PFOS. Without human
327 exposure assessment and the toxicokinetic data of CI-PFAES in
328 mammals and humans, it is impossible to estimate the health
329 risk of CI-PFAES. Therefore, the toxicity of CI-PFAES needs
330 further characterization, when the present study provides
331 preliminary evidence of its potential effects on the nervous
332 system.

333 1/0 synaptic transmission
334 competency. Thus, no effects of acute exposure to PFOS and
335 alternatives on 10 functions implied that the normal synaptic
336 transmission at Schaffer Collateral-CA1 synapse was not
337 interrupted. PPF is a short-term synaptic plasticity which is a
338 sensitive indicator of the change in the transmitter release
339 amount, or presynaptic connections.’®*’ Neither PFOS nor
340 alternatives led to significant changes in PPF, hinting that PFOS
341 and alternatives might not play effects on presynaptic cells after
342 acute exposure. Besides, the quantity of PSD95 in dendrites
343 decreased significantly when neurons were continuously
344 treated with PFOS, clarify the effects of PFOS mainly focus on
345 postsynaptic cells.” In the research of Xing et al. 31, lactational
346 PBDE 209 exposure from mother milk did not affect 1/0
347 functions and PPF but decreased LTP, suggesting a weaker
348 inhibition on synaptic plasticity compared with intragastric
349 J|actational exposure and exposure after weaning. Together with
350 the findings in the present study that PFOS and alternatives
351 significantly affected the fEPSP amplitude of LTP, it is suggested
352 that acute exposure to these compounds mainly acted in a
353 postsynaptic rather than a presynaptic mechanism. In another
354 hand, acute exposure to the target compounds may pose
355 relatively weak neural inhibitory effects. However, the chronic
356 exposure to PFOS and its bioaccumulative alternatives, as well
357 as the long carbon chain PFCs possibly pose stronger effects on
358 the nervous system considering the bioaccumulation potency.
359 Different from the present study, Liao et al. = reported that 400
360 uM of PFOS could affect synaptic transmission in brain slices in
361 rats. Besides the difference in the administration dose, the in
362 vitro electrophysiological status also differs from the in vivo
363 status, while the in vitro hippocampus slice is a valuable tool to
364 elucidate the effects of pollutants on ion channel functions in
365 central nervous system neurons.

366 The mechanisms underlying the impairment in LTP caused
367 by PFOS and its alternatives might be related to several aspects.
368 Firstly, the high concentrations of Ca>* are necessary to induce
369 LTP, with a number of Ca® sources available. The calcium
370 imbalance induced by PFOS may cause the LTP deficit.”®*
371 Secondly, PFOS affected the Ca*" /calmodulin-dependent
372 protein kinase Il (CaMKIl) and protein kinase C (PKC), which play
373 dominant roles in the induction and maintenance of LTP.”*®
374 Thirdly, N-methyl-D-aspartic acid (NMDA) receptors were
375 impaired by PFOS, while the activation of NMDA receptors and
376 the consequent calcium flooding into postsynaptic cell is
377 necessary for LTP induction.?®% Moreover, AMPA (a-amino-3-
378 hydroxy-5-methyl-4-isoxazole propionic acid)-type glutamate

curves reflect the basal
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379 receptor, might also be involved in the mechanism of the effects
380 of PFOS and its alternatives, which is an important regulator of
381 both LTP maintenance and the raise of intracellular Ca”" level.™
382 However, no information is available about the effects of PFOS
383 on AMPA receptor regulation. Lastly, PFOS might act indirectly
384 on learning and memory through disruption of thyroid function.
385 LTP is known to be depressed in hypothyroid conditions in both
386 animals and humans,”® while PFOS exposure significantly
387 reduced serum levels of free thyroxine in rat.”?

388 Experimental
389 Animals and Chemicals

390 All experiments were performed according to the National
391 Institutes of Health Guide for the Care and Use of Laboratory
392 Animals and approved by School of Environmental Science and
393 Technology, Dalian University of Technology (Dalian, China).
394 Adult male SD rats of clean grade weighing 200-240 g, were
395 provided by the Experimental Animal Center, Shanxi Medical
396 University, China. Animals were acclimated in the lab for at least
397 7 days before experiments, with free accession to water and
398 food. All experiments were performed at room temperature (25
399 +2 °C), with a 12:12 light/dark cycle.

400 PFOS, PFHXs, and PFBS were purchased from Sigma (USA)
401 and CI-PFAES was obtained from Shanghai Synica Co. (China),
402 with a purity of higher than 98% (Table 1). The target chemicals
403 were dissolved in 2% dimethyl sulfoxide (DMSO) and then
404 diluted to 10 and 100 uM with physiological saline. Physiological
405 saline with DMSO was administered at the same proportion
406 both in treated and control groups. It was found that PFOS can
407 accumulate up to 2-20 uM in some animal tissues.” The doses
408 (10, 100 puM) were administrated according to previous
409 literatures,"™® which representing the actual environmental
410 relevant and potential accumulated concentrations.

411 Animal Treatment and Electrophysiological Recordings in Vivo

412 Six animals were used for recording LTP in each group. The
413 rats were deeply anesthetized with urethane (15 g/kg bw,
414 sSigma) via intraperitoneal (i.p.) injection placed in a stereotaxic
415 head holder (DMA-1511, Narishige, Japan) for surgery and
416 recording. Skin and fascia were removed to expose the skull,
417 and bregma and posterior fontanelle were kept at the same
418 height. Small holes were drilled in the ipsilateral skull for the
419 insertion of cannula, stimulating and recording electrode. A
420 stainless steel cylindrical cannula (0.7 mm outer diameter) was
421 inserted into the lateral ventricle (0.8 mm posterior to bregma,
422 1.3 mm lateral to midline, and 4.1 mm below skull) and fixed
423 using acrylic dental cement for intracerebroventricular (i.c.v.)
424 injection of chemicals. A concentric bipolar stimulating
425 electrode (FHC, USA) was positioned at the Schaffer Collateral
426 (4.2 mm posterior to bregma, 3.8 mm lateral to the midline) for
427 LTP inducing, and a monopolar recording electrode (FHC, USA)
428 was placed at the CA1 region (3.8 mm posterior to bregma, 2.9
429 mm lateral to the midline) for field excitatory postsynaptic
430 potential (fEPSP) recording.

431
432
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Table 1. PFOS and alternatives
434
Product Name Chemical CAS Number Chemical Formula  Structure
PFOS Potassium perfluorooctane 2795-39-3 CgF1,S03K E F RFE FRF e
sulfonate E 805K
FFFFF FFF
PFHXS Potassium perfluorohexane 3871-99-6 CgF13S05K FEFRF
F. -t
sulfonate SOz K
FFF FF F
PFBS Potassium perfluorobutane 29420-49-3 C4FoSO3K E FFF
sulfonate S04 K*
FFFF
CI-PFAES 2-[(6-Chloro- 73606-19-6 CgClIF1650,4K FFE FEFRF
1,1,2,2,3,3,4,4,5,5,6,6- cl - 805 K*
dodecafluorohexyl)oxyl-1,1,2,2,- FF FEF F EFE
tetrafluoroethanesulfonic acid
potassium salt
435 The electrodes were slowly lowered with single test stimuli 465 calculated by averaging the distance from the negative peak to

436 (0.033 Hz, interval of 30 s) until a stable and maximal fEPSP was
437 monitored. The stimulus current was adjusted to yield about
438 50% of maximum amplitude of fEPSP, and then began to record
439 the baseline for 30 min. Targeted compounds solution of 5 pL
440 was slowly administered to the rats via i.c.v. injection in 5 min
441 by micro-syringe. Thirty minutes of contacting with target
442 compounds in the brain tissues were remained after i.c.v.
443 injection. Then the baseline was recorded for another 30 min,
444 followed by 10 and PPF test. LTP was induced by a high-
445 frequency stimulus (HFS) protocol composed of 3 trains of 20
446 pulses at 200 Hz at an interval of 30 s. After HFS, the amplitude
447 of fEPSP was recorded for at least 60 min.

448 The Input/ Output (I/O) curves reflect the relationship
449 between amplitude of fEPSP and stimulus intensity, which were
450 employed to evaluate synaptic potency. 1/O curves were
451 generated by systematic variation of the stimulus current by
452 steps of 0.1 mA (0.1-1.0 mA). Three responses were averaged at
453 each current level. Paired-pulse facilitation (PPF), a form of
454 short-lasting plasticity, was examined before HFS. The current
455 was adjusted to yield about 50% of maximum amplitude of
456 fEPSP, and pairs of stimuli were delivered with inter-stimulus
457 intervals (ISI) of 10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200,
458 250, 300, 350 and 400 ms.”” Three responses were averaged at
459 each ISI. PPF values were standardized at each ISI by fEPSP 2/
460 fEPSP 1, comparing at the peak facilitation with control group.
461 Data Analysis

462 The signals were recorded by A-M Systems (2100, USA),
463 transferred through the amplifier (CED 1401, UK), and filtered
464 by Spike 6 software (CED, UK). The amplitude of fEPSP was

This journal is © The Royal Society of Chemistry 20xx

466 the preceding and following positive peak. The fEPSP amplitude
467 was standardized to pre-injection baseline values. The statistical
468 analysis of the dada was conducted by Sigmaplot 10.0 and SPSS
469 16.0 software (USA). Comparisons between groups were
470 analyzed by one-way ANOVA, where probabilities less than 0.05
471 were considered as significant difference.

472 Conclusions

473 In summary, the present study provides
474 electrophysiological evidence and potential mechanism of the
475 neurotoxicity of PFOS and its alternatives. PFOS and alternatives
476 exposure repressed LTP, and PFHxS and CI-PFAES even exhibited
477 comparable potency to PFOS. Higher potency of PFHxS and
478 PFOS than PFBS to inhibit LTP point to the possibly higher
479 neurotoxicity potential of the long carbon chain perfluoroalkyl
480 compounds. Absent disruption of normal synaptic transmission
481 suggested that acute exposure to the target compounds mainly
482 acted in a postsynaptic rather than a presynaptic mechanism.
483 Besides affecting LTP, CI-PFAES also affected the baseline fEPSP,
484 indicating a different action mode with the perfluoroalkyl acids.
485 It should be noted that the present study is limited in the
486 performance of acute exposure, and stronger effects on
487 synaptic plasticity may occur when chronically exposed to PFOS,
488 its bioaccumulative alternatives, as well as the long carbon
489 chain perfluoroalkyl compounds. These findings present fact
490 that PFOS alternatives could impair synaptic plasticity, explore
491 primarily neurotoxic mechanism of PFOS alternatives with
492 neuroelectrophysiological method, and address the necessity of
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493 further toxicological evaluation of PFOS alternatives, to improve
494 their safety and health risk assessment.

495 The paper is to commemorate late Prof. Dr. Yihe Jin (1959-
496 2013), who has devoted his whole life to scientific research, and
497 contributed greatly to the present research.
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