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15540 WME RME 2 IEAHK, 5 A GABA 2456, ACh 5-HT DA NA Glu 5§ WME £ 1EH5¢,GABA 5 WME % it
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Abstract; This study aimed to investigate the contribution of neurotransmitters to the learning and memory impair-
ments observed in adult offspring rats exposed to methylmercury (MeHg) and the role of neurotransmitters in Me-
Hg-induced neurological impairments. To this end, a perinatal MeHg exposure rat model was established. The
eight-arm maze was used to test the learning and memory ability of adult offspring rats. CVAFS was used to detect
the brain mercury content of rats and LC-MS/MS was used to detect the neurotransmitter levels. Pairwise Pearson
correlation analysis was performed to analyze the linear correlation between the brain mercury content and neuro-
transmitter levels. Mediated effects analysis was performed to investigate the role of neurotransmitters in perinatal
MeHg exposure-induced learning and memory impairment in rats. The results demonstrated that the number of
working memory errors (WME) and reference memory errors (RME) of rats in the MeHg-exposed groups were
significantly higher than those in the control group, and the brain mercury levels of the offspring in each MeHg-ex-
posed group were significantly higher than those in the control group, with an increasing trend with increasing
treatment dose. The serum levels of acetylcholine (ACh), 5-hydroxytryptamine (5-HT), dopamine (DA), noradrena-
line (NA), glutamate (Glu) and Glu/GABA ratio were significantly higher in the MeHg group than in the control
group, while the adrenaline (A) and y-aminobutyric acid (GABA) levels were significantly lower. Correlation anal-
ysis revealed that the brain mercury content was positively correlated with the levels of ACh, 5-HT, DA, NA, Glu,
and WME, RME, but negatively correlated with A and GABA. ACh, 5-HT, DA, NA and Glu were positively cor-
related with WME, while GABA was negatively correlated with WME. ACh, 5-HT, DA, NA and Glu were posi-
tively correlated with RME, while GABA were negatively correlated with RME. Mediation analysis results showed
that 5-HT and Glu play a completely mediating roles in the increase of WME, 5-HT plays a complete mediating
role in the increase of RME; Glu plays a mediating role in the increase of RME, and the mediating effect value was
52.30% . Further analysis revealed no multiple mediating effects of neurotransmitters on the relationship between
MeHg treatment and learning memory impairments. In conclusion, an imbalance in neurotransmitter metabolism is
involved in the effect of perinatal MeHg exposure on impaired learning and memory in adult offspring rats. 5-HT
and Glu are expected to serve as biomarkers for the determination of MeHg-induced neurotoxicity.

Keywords: MeHg; rats; neurotoxicity; brain; neurotransmitters
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X3 LR A X, KA v FE RS OR AR ) s B KK v T
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1 ##l57 % (Materials and methods)
1.1 EEUER SR

FEAL AT WAR 355 3 1K ] X (AB Triple
Quad™5500", 3£ ) ; Milli-Q 8 4fi /K 4b 3 Z 55 (F JK
M 22454, E); Kinetex® XB-C18 #:(100 mmx2.1
mm,2.6 wm, 3% E); 4 [ s P E B L (JXFST-
PRP-64 , [V S0l & AT FRA F] ),

F ] FACH R (=95% , Sigma, 3 [H);
NA ' [ IR Z (adrenaline, A)YII4 [ ) MR R B
34 BR2> F] (0 ) ; Z Bk A B (acetylcholine, ACh) . y-
3 T MR (y-aminobutyric acid, GABA) . Glu, &+ &
WEf% ( glutamine amide, Gln), 5-¥% {4 & (5-
hydroxytryptamine, 5-HT), DA | H % & 2 )i ¥ B
Sigma-Aldrich /A F] (3£ H);3,4- R K LR (3, 4-
dihydroxyphenylacetic acid, DHB)I [ Filfi7. T 4= 9 &}
AR E(HE),
1.2 S yess Kooyl

PEPEfE R IE 75 90 Sprague-Dawley KR 36 H (M
DHfE=2 1 1), MR B 200 ~220 g, B E L TR
HEYHARG R, 2186 #IES . SCXK(1£)2020-
0001, % NIRE N 22 ~24 C, HIXHEE K 60% ~
70% DGR/ A2 12 h/12 h, &R PEMESE 1 &
Jo FEMEREL 2 1 FCXS G MR R H I SR A
S, &2 ez HAL A GD 0 (gestation day, GD
0), il Jeos 2 BRU A (R o i Bt #1150 o Xof B (7 R
7K) AK(0.6 mg-kg'). (1.2 mg-kg™) (2.4 mg-
kg ORI HF SR AL 4 N a6 H, 2
FRH GD 5 # B 43 2=+ R 11 4= PND 21 (postnatal
day 21, PND 21)Ir. , 4k£L47 5% 2 PND 60, 7E PND
60,53 MM KT HRZH 0.6 mg-kg™' .12 mg-kg™' .24 mg
kg™ 4 AU R R BRUR AL E B — HF L, 4
I3 L L2 AR R RRUMLVBARE AR R4 T 288 S
ARSI SR ML 235 3R 7 BV Sk B , & T AR BER UK
TG UE T, T ok BB il 21, #E47 R & o A
W, HAW T R T/ VB R m sl AR 2 50 M
BRI R AR R ZS S 23 H A HEMEILE S :2000868)
1.3 —fgtm

WA I 3% HH FE R e a2l 1A R BUIA] R 8 ] B
RICPERE TEBNEE KPR S
1.4 JNVEREIE

JVEFRRED, MOFRBC ek By 2y B v

P X B HE R 8 K TAFBE A M., %1 K, ik
- BT R FREE R R A e D R
A2 H BRI A S e KR, 1R H
P, 9T 10 min, B H ISR 2 K52 R, EREH 1
KGR 56 3 K, 5 AR B AL A H R
B AR E YN, BRI GRS 5 F 75 % A 8
WHE SRR LB £ AR B, B HOIER 2 Ik 5 4
K AE T 3,57 B T i AR, 4 27 B OO
FSEHATIRE . IR, 485 Bk A e b
JENIEN 30 s, SRS A TTHT I, ik F LA M T
B, 5% 10 min SRR RTAE NG E, BEiC
LA 2 A4 FR: (1) TAE 212 85 1% B (working
memory errors, WME), BI £ [5] — X Yl k1 BLFAIR
HEACRIZE EYIE ; Q)2 H LRI (ref-
erence memory errors, RME), B[l 7 [i] — X Il 2k v
AT EYIE
1.5 SREEMNE

R et A o 22 i BRI BT R
HEL,ET 25 mL W RESCHE L@ B, A S mL
HNO, , He 68 T 1 R b PR A B 55 £k ;95 C /KA 3
h BEATRE SR Y H S Je A Ak SRS
BIA 0.5 mL BrCl; £ 24 h J5 001 2 ~ 3 i NH,OH -
HCl %, R B AR 2 i 4K & 45 2 25 mL;
2% SnCl i J5 5 , R I F 9 i (cold atomic
fluorescence spectrometry, CVAFS)I %
1.6 fligeish B

WO 7 UM T 4 “CH#-E 2 h J5,3 500 remin”'
B0 10 min J5 BUMTE 100 WL AITA 300 uL 2,
12 000 r-min™" &> 10 min, £ 200 pL fil A 10 pL
IWAR(DHBA, 4 wg-mL™") JREH5), AR T, )5 H
100 wL (/K- EEOQN, VIV)EE RS R A
6, 3% -5 3% B¢ A {2 (liquid chromatography-tandem
mass spectrometer, LC-MS/MS) ¥ il 43 M7, W # 5%
TR A A 1% HR-/K; ishl B WG, B
PEAEF .0 ~0.5 min,5% A;05 ~5 min,80% A;5 ~
6 min,80% A;6 ~6.1 min,5% A;6.1 ~8 min,5% A,
WY 02 mL-min R 40 C,#FFERE 2 pL,
1.7 Seiteestr

SEEBE R SPSS25.0 AT HT , IEZS 4
A R EICHE DL (8 £ 45 1 12 2% (mean + SEM) IR,
Z 2 [A] R FH 5 TR 3R U7 22 43 #1 (One-way  ANO-
VA), bifi J5 J Bonferroni 347 2H 8] P 9 kb %825 >k
pairwise Pearson #F47AH S 43 #r , fit F A4 iR %
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R (FDR)K IE L E S50 Th Y P {H, FDR<0.1
255 BA G273 S T A 800 53 B 1 o 7 fap 7
S HAR L 2 2 ICACE IR SRR R A 1 i 28 o
IKVAE Ry v A A8 ) ST oR-Pf 28 388 -2 i
127 RAKGER R AL 38 1k PROCESS(v3 4.1) R Fh Y
FR7 4 SR ] Bootstrap 28E47 H A 3500 K 56, A6 56 7K
#E =005,

2 453 (Results)
2.1 [P SR R AR B — A KA T
1) 5 M)

SIS IE], X B T BUE AOBEE IS ShEH A
POIRAS B4 5 F R Y 4 7 UL BURS M 25 e B0
R IR BTG Sl AR, 0 DA s 7 S 41 B
2.2 [P SR B AR B2 2Tl 12 Rg
Al

VA 7 =R T NI il = R o )
WME #l RME 4[] b2 f BA gt 2 L(F A
A3RIR 19.62 27.11, % P<0.05); 5% BRZH AL,

g 151 (a)
5] -
o)
Eolc) -
X5 10f
K E *
& =
N2
2E st T
o
ks L
2
E
Z 0 0 0.6 12 2.4
F IR YL B2 4 /(mg kg ™)
MeHg dose/(mg-kg™)
© 1
7 7
3 3
Control 0.6 mg-kg™

2 B WME I RME S &880, 5% 20
M, P EFIE A T B WME fil RME i 530, 2%
SRR G X (P<0.05) (K 1(a)Fl(b)), /i ik
B E BN, S AU H, FROR Y4 T R
FEIRE LA IR BOE 2 (K 1(c)).

2.3 [ Ok 2 88 X AR K BRI i 7% 1 S
25346 UK 1 52 0]

R 1 PR, £ 50 gL i 40 BRI R 15 1 4 1A
R HA G 42 L(F{Eh 81.11, P<0.05); 5
X HRZEAH BE ARG, v 751 o R OR M B 24 U oK
P 0 I IN(P<0.05) ; HLFfi 5 HY JE SR L 25 50 1 1) 1
TR 7R 5 B B W M (F e =20.56 , P<0.05), #2534
RS R, & F Y R4 T Bl ACh 5-HT DA |
NA .Glu A .GABA #4i[i] lb 52 7 B A G55 X
(FAEAY 9N 333 31451148 1437 58.05 3.65 624,
¥ P<0.05); 5X IEAIAH EL , B R e B 41 B v v
ACh 5-HT DA NA Glu & & &30, 1 A .GABA
T EIR, 2R BAG LY P<005), it
A AR Hr R ER QL #E4H B Glu/GABA L

§ 101 (b)
2 g HE
®E
O
55 4 T
& 2
@B 2k
b
E 0
2 0 0.6 1.2 2.4

F R YL B0 it /(mg kg ™)
MeHg dose/(mg-kg™)

5
2.4 mg-kg™!

1.2 mg-kg™!

1 EFREREENFREAEXRFEILIZENAF N
TE () TAFICAZHARREL; (b) B ICICEETRIREL; (o) /N REE BB * 5 X IRZE LLA P<0.05;
#5 0.6 mg-keg 4L P<0.05;& 5 12 mg-kg™ 4L P<005,

Fig. 1 Effect of perinatal MeHg exposure on learning and memory ability of adult offspring rats

Note: (a) The number of working memory errors; (b) The number of reference memory errors; (c) Track diagram of eight-arm maze; * represents

P<0.05, compared with control group; # represents P<0.05, compared with 0.6 mg-kg™' group; & represents P<0.05, compared with 1.2 mg-kg™! group.
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Table 1 Comparison of mercury content and neurotransmitter levels of offspring rats in each group (n=6)
eIy pagiletii) 06 o - ol 4 ol
O mg- Z mg- a4 mg-
Index Control gke gke eke
K (Hg)* . . .
£ 9.86+1.95 3413167 49.40+1.027" 60.15+3 97"
Mercury (Hg) *
ZTEEGE (ACh) .
138.45+9.09 154.06+825 166.17+28.93 21150+14.02
Acetylcholine (ACh) ®
5-BEMES-HT) . : “sa
963.60+54.02 1 322.80+3023 1 408.08+46.12 1 608.17+71.78"
5-hydroxytryptamine (5-HT) °
Z EHE(DA) ° . .
5740+5.39 89.03+7.65 113.60+12 81 117314374
Dopamine (DA) °
EHE FRENA)P . .
57049+76.08 8423546533 1 110.50+93 36 122925+120.04""
Noradrenaline (NA) °
B EIREAP . .
1141122 858134 7.09£0.58 7.56+0.69
Adrenaline (A) ®
HER(Glu)® N .
4029.67+18436 449721+284.79 6 140.83+209.95"* 7 895.83+230.16"*
Glutamate (Glu) °
BB (GIn)

32 190.00+2 401.75
Glutamine amide (Gln) °

y-HIETHR(GABA) °
y-aminobutyric acid (GABA) °

57.04+11.60

Glu/GABA 107 43+40.70

33 620.83+2 161.50

40 308.33+2 324.06 40 133.00+1 271.20

32.81+227 2725+2.00" 22.63+2.54"

142.14+£1542 231.55+18.09 36927+38.597#¢

T B LUP S (H bR iR 25 FR (0 R AT ng- g7 5 MR BURTIAAL pg-L71) 3 * SRS HRALLLAS P<0.05;#5 0.6 mg-kg™ 4 ILE P<0.05;

& 512 mg-kg™ 4 HL# P<0.05,

Note: Data are expressed as mean+SEM (* mercury content unit is ng-g™';

neurotransmitter levels units are pwg+L™"); * represents P<0.05, compared

with control group; # represents P<0.05, compared with 0.6 mg-kg™' group; & represents P<0.05, compared with 1.2 mg-kg™' group.

B 55 0F HEZH A LY 2 25 38 in (F {B R 13.51, P<0.05),
SR, FH LR YL 41 F B Gln /K50 FR 2 T i 3%
AFAL(P>0.05),,
2.4 FACREUIG R B far b 2 B A L S > il
1 fe 1 =38 Z A ) IR A3 B

R T AR R OR AT | Bl 3 B KPR A
CAZ B8 J7 2Z 18] U TE G BK, A 98 R H pairwise
Pearson AT RIS T =& Z BB R R, 4
W2, FERIR S & 548 K- ACh 5-HT,
DA \NA Glu P K 2% 21 e 12 #5152 0 WME , RME
EIEME, 5 A GABA Efi#iX, ACh 5-HT DA,
NA .Glu 5 WME 2 IEAHX,GABA 5 WME £ it
% ;ACh 5-HT .DA NA .Glu 5 RME S 1EAX, GA-
BA 5 RME £ fitH%,
2.5 AU

FREAR A T 45 SR B $E 7 X R A far | ph 28388
JEAKLA B2 2 e RE T AT T A b, S50

3, ACh 7EH BOR 2 7 37U K B WME 1
I AEAE T A RON AR, T A BN A Ry 23.52% ;5 5-
HT F1 Glu 7 H 565K % 88 B+ HUAE K B WME 3
I ROV AN 1 2, FLAE WME 38 rh ke 58 42 v
A BONAE

5-HT 78 H 5K 28 B8 B HORAFE K B RME 3
W BN N B3, HFE RME P2 58 4 A 2000
YEH, Glu 76 R R B8 B U4 K B RME 77
FERABUNAER , A RUNAE R 5230% . 2
BN AT R B, 20k AR TP SR R R R )
IR P P EZ R AE, WK 4,

3 iFi2( Discussion)

A Ay, JUHDR P BT S5 i kB Bl
T 52 ) J A0 XU () B8, IR AE B 32 B Ry M
590 1) & B i J5 (developmental origins of health
and disease, DOHaD)fE 15t , RIBR T 8t 4% FlER5 H %,
TNARA: A TE R B R P A B0 (R 46 R LA 22 &)y LIt
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HNAIAFIHZ, W38 F2 80O A R 55 S Hm
FLRUAR I 7 AR 2 PIoBE I 1 JLR X R ) 58 25
Seif LA, BRI T H R AR E LS A
ZRpAul Y 5HILE AL S, W E R YI6E,
AT S50 A5 40 5 77 A S PR 3 3 TR it S Ak
Bt WOMAN N Ca™ VR, S Bl NS B 4K 5
B S B 1 50 P A 2 RN e H K (g lutathione,
GSH)- 75U B I M5 T Al 7 sS AR S &, 5 302k
KRARTIREREART . SR E W AR — P22 3] e i
B A A R BOR B AR M 2 B AR A BLEH] A S
HRARAE , BB AR i A 2 LLS R LA 45 70
PSR, AR R 2L 2 th BB sh A & R 52 05
AT P I PR B, 35 i 47 - AN 2 Bl A1 % 1) 385 4 i
THIR , HR B B B fl 1% 59) 2t AR 5L R W] 5 i 2
CLHE R G DR, #E 1453 1 AR 91 AR R B 2%
ICAZIREY 22 e BE S S — V1A B Y 3
fitlt, I FLARSE PP SR I fb 2 W S5 26 25 1 1) B
febrz —1, AR, B OR B TR W N T F
fRBAE K B WME A1 RME, WME J& TR FE 0
TG, R TE 2 -BORIR R GE 45 T 58 BB X kA 7
TAEAESS W B 25 B 0 A A7 ; RME D)2 25 ] 5
SR A B DL IR 5 &R AEXT R, DL R85 R
HE— 2 E S = 0 3 R R BB A T T P ARUAE KR
)0 RES TR,

P8 SR R P 28 0 22 [A) s 28 5T 5 580 A0
iz (AL 5 B A5 00, )2 A TR S 4
LUEE  JLRAE M R 5 LA RS0, (AL AL
F—AERE G —R, IRBRAE RS ACh & R
Bl & TR — ol FE A 368 5, AE R R M 48 R G A A
JEr g R AW mEEEA, SR R e T
IR AEZ A, F S 50, APPSR R,
LR 2 8 2 B A AR R BRI o ACh & =
FHEIN AR POHORE — @ B L RIR T IRAR fE R
GTIRE, MMM L TS 2F ) eC TR G,
FEALE LA B AR PSS LR et 45
DA NA 1 A, NA 2 5 1{ 25 4 45 Fl 58 BE 3R 40 9
TG0, DA S H X 28 22 G5 P T L A 1 2 5 IR
T, SRS BB A OGN IS W 2R 5-HT,
ST A XA 2 R G T Re B P23 T, Wis 3
Pl NN S 28 ACAC A B N A3 WA T DL R B IR
SR ORI ST AE I R H 3R R B R W R T AR
R T rp B A 2538 5t DA NA M 5-HT 3
IRIKF  BEAIR T A BYFEIRIKF DI AT 2 Y 360K

TR TR TN R GO ZAE PG 1 ) S
Glu 5 GABA & ki R G0 e 21 %
PEFNA G PE R 20 T, EM A RGN E T F Al
T E A" Gin AMUJEA R BR AE 200
Ay MR 220 T A 2 IR 1) R AR, 2 5 fih v
T 22 336 Bt GABA B £ SRR, ABFE 4
R, SR AT S 8K RUME T Glu KF
I, GABA & #EFEK, M 530 Glu/GABA b #1
T, HEI SR T BB TR T AR 24 5 4 -
WK REZE AL, AU DI 5T 2 B, (K50 = 3L R
SRt A) B 5% BOK U 4L 4L ACh & g K 1
Jnt . Cheng %" 5 mg-kg™ #1 10 mg-kg ™' 7| &
HIL RS K B8 7 d 5, R LR 2 B8 41 K
MIEH ACh & 2 W FEAR . HAE OC SCHRHGE , Bk
FRIFA R E T LA 0E ACh AYRRIL , 1 458 1o A SR 1k J3E ]
AEAM ] ACh BRI . Glu . GIn Fl GABA J& K Jili

T2 RGO HEZEFRKE FEIICICEE
=EEREXEDH(n=6)
Table 2 Correlation analysis of brain
mercury content, neurotransmitter levels,

learning and memory ability (n1=6)

240 Parameters (A1 5514 Correlation) P, ustment

Hg ~ ACh 0491 <0.05 N

Hg ~5-HT 0.834 <0.001 N
Hg ~DA 0673 <0.001 N?

Hg ~NA 0.744 <0.001 N
Hg ~A -0.530 <0.05 N°
Hg ~ Glu 0.851 <0.001 N®
Hg ~ GABA -0.720 <0.001 N
Hg ~ WME 0.841 <0.001 N®
Hg ~ RME 0.839 <0.001 N?
ACh ~ WME 0557 <0.05 N®
ACh ~RME 0469 <0.05 N?
5-HT ~ WME 0.881 <0.001 N®
5-HT ~RME 0876 <0.001 N®
DA ~ WME 0.684 <0.001 N®
DA ~RME 0.644 <0.05 N®
NA ~ WME 0.669 <0.001 N®
NA ~RME 0.639 <0.05 N?
Glu ~ WME 0.861 <0.001 N®
Glu ~RME 0.842 <0.001 N?
GABA ~ WME -0.567 <0.05 N®
GABA ~RME -0.701 <0.001 N®

TE N FIRIEMIDE N SRR HAHE,

Note: N* means positive correlation; N® means negative correlation.
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Table 3  Analysis of the mediating effect of neurotransmitters between MeHg exposure and
the learning and memory impairment (n=6)
A SR =Y 4 HHEZA 95% CI [ HAL N 95% CI A%
Mediator variable Outcome variable Total effect Direct effect 95% CI Indirect effect 95% CI Proportion mediated%

ACh 0.077(0.037, 0.117) 0.024 (0.004, 0.052) 2352
5-HT 0.016(-0.037, 0.070) 0.085 (0.022, 0.160) 8333

DA 0.092(0.035, 0.149) 0.009 (-0.025, 0.074) -

NA WME (0‘02:(:)2‘140) 0.089(0.028, 0.150) 0.013 (-0.038, 0.067) -

A 0.108(0.061, 0.154) -0.005 (-0.033, 0.161) -

Glu 0.035 (-0.020, 0.090) 0.067 (0.007, 0.124) 65.68
GABA 0.111 (0.055,0.167) -0.009 (-0.032, 0.033) -

ACh 0.059 (0.034, 0.083) 0.006 (-0.003, 0.021) -
5-HT 0.029 (-0.004, 0.062) 0.036 (0.005, 0.075) 5538

DA 0.063 (0.033, 0.095) 0.001(-0.015, 0.028) -

NA RME (0‘03:,)605‘086) 0.065 (0.031, 0.101) -0.001 (-0.028, 0.060) -

A 0.062 (0.036, 0.088) 0.003 (-0.011,0.019) -

Glu 0.031 (0.001, 0.062) 0.034 (0.003, 0.062) 5230
GABA 0.067 (0.036, 0.099) -0.002 (-0.029, 0.026) -

T - Jar A

Note: — means no intermediary effect.

F4 MEBRERERFEBESFINZHRGENZERTBESH (n=6)
Table 4 Analysis of multiple mediating effects of neurotransmitters between MeHg exposure and

learning and memory impairment (n=6)

)R RN fH Boot FrifEiR Boot CI KR Boot CI IF& HA RN %
Outcome variable Effect size Boot SE Boot LLCI Boot ULCI  Proportion mediated%
SNk v e
Total indirect effect 0.128 0.070 -0.012 0.240 -
ACh 0.184 0.019 -0.021 0.054 -
5-HT 0.069 0.044 -0.003 0.157 -
DA WME -0.001 0.032 -0.062 0.064 -
NA 0.008 0.036 -0.054 0.068 -
A -0.005 0.178 -0.042 0.027 -
Glu 0.380 0.341 -0.023 0.100 -
GABA 0.004 0.026 -0484 0.047 -
psY kv e
Total indirect effect 0.052 0.049 -0.022 0.172 -
ACh -0.001 0.011 -0.024 0.018 -
5-HT 0.040 0.028 -0.017 0.090 -
DA RME -0.022 0264 -0.080 0.196 -
NA -0.001 0.026 -0.081 0.019 -
A 0.003 0.0148 -0.149 0.041 -
Glu 0.031 0.019 -0.003 0.073 -
GABA -0.001 0.021 -0.044 0.040 -

- JE P RN

Note: — means no intermediary effect.
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