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Abstract. The role that metabolic products play in regulating the hypothalamic- 
pituitary-adrenal (HPA) axis during strenuous exercise is speculative. This investiga- 
tion examined the extent to which lactic acid, a major metabolite of anaerobic exer- 
cise, directly affects hypothalamic-pituitary function. Specifically, P-endorphin secre- 
tion was measured from AtT-20 (D-16) mouse corticotroph tumor cells treated either 
acutely (15 min - 180 min) or chronically (1 day - 3 day) with physiologic levels of 
lactate (0.5 x M to 5 x lo-* M) or lactate in combination with the corticotroph 
releasing factors: corticotroph releasing hormone (CRH), arginine vasopressin (AVP), 
norepinephrine and/or epinephrine. Findings with AtT-20 cell cultures were shown to 
be representative of responses in primary cultures of rat anterior pituitary. Lactic acid 
did not alter the spontaneous release of P-endorphin by AtT-20 cells under either 
acute or chronic conditions. While CRH, norepinephrine, and epinephrine evoked 
significant increases in P-endorphin release, lactate, in combination with these se- 
cretagogues did not alter their effects. Similarly, lactic acid failed to alter basal or 
stimulated release of P-endorphin by primary cultures of rat anterior pituitary. The 
addition of lactate (3 x lo3 M) to rat hypothalamic explants did, however, produce a 
modest but significant reduction in spontaneous CRH release, suggesting that lactate 
may facilitate the return to basal secretion following exercise. The present findings 
show that physiologic concentrations of lactate have no effect, either alone or in 
combination with other pituitary secretagogues, on corticotroph secretion. Whereas a 
physiologic action for lactate within the hypothalamus is possible, the present find- 
ings indicate that lactate is an inhibitor of CRH release. Thus, lactate does not appear 
to play a direct role in the profound activation of the HPA axis that occurs in response 
to strenuous exercise. [P.S.E.B.M. 1999, Vol 2201 

t is well documented that physiologic stimuli including 
strenuous exercise, pain, and nonspecific stressors can I profoundly activate the hypothalamic-pituitary-adrenal 

(HPA) axis in humans (1, 2). Although much is known 
about the neural and hormonal mechanisms that regulate the 
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HPA axis during stress, roles played by metabolic factors in 
coordinating the function of the axis have not been clearly 
defined. This issue is especially relevant in light of the 
physiologic actions of glucocorticoids in mediating fuel mo- 
bilization and insulin resistance (3). 

Several recent reports indicate that lactic acid, a prin- 
cipal metabolic product of anaerobic metabolism, may 
modulate the magnitude of HPA activation in response to 
exercise and other physiologic stimuli. For example, in hu- 
mans, strong correlations exist between increases in circu- 
lating lactate and the degree of HPA activation due to high- 
intensity exercise and surgery (1, 4). In addition, plasma 
concentrations of growth hormone and prolactin have been 
shown to increase significantly in response to infusions of 
sodium lactate ( 5 )  as well as exercise (4). Therefore, it has 
been proposed that lactate may serve as a metabolic signal 
to coordinate neuroendocrine responses maintaining meta- 
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bolic homeostasis. Such a role could be dramatic during 
strenuous exercise when increases in metabolism and HPA 
function are profound. 

The present investigation sought to determine the direct 
effects of lactic acid, alone and in combination with known 
corticotropin releasing factors, on the secretory responsive- 
ness of pituitary corticotrophs. Cell culture experiments 
were first performed extensively with AtT-20 pituitary tu- 
mor cells, and findings were then confirmed in primary 
cultures of rat anterior pituitary lobe. In addition, hypotha- 
lamic explants were used to determine the direct effect of 
lactate on the release of CRH. Overall, the findings indicate 
that lactate does not have a direct role in mediating hypo- 
thalamic-pituitary corticotroph activation. 

Materials and Methods 
Animals. Adult male Sprague-Dawley rats (Taconic 

Farms, Germantown, NY) weighing 200-300 g were 
housed for at least 5 days prior to the onset of experiments 
(20°C; 12:12 hr light-dark cycle; food and water ab Zibi- 
turn). 

Pituitary Cell Cultures. Monolayers of AtT-20 
(strain D16) cells were grown to 80% confluence by plating 
= 450 000 cells in 35-mm wells 4-6 days before treatment 
(6). Prior to an experiment, cells were washed and allowed 
to equilibrate for 90 min in Dulbecco's Modified Eagle's 
Medium (DMEM) (GIBCO/BRL, Gaithersburg, MD) con- 
taining 0.1% bovine serum albumin (BSA; fraction V, 
Sigma, St. Louis, MO) (DMEMBSA). The medium was 
then replaced with DMEM/BSA containing experimental 
treatments. Following 0.25-72 hr incubation, media 
samples were transferred into 1.5-ml eppendorf tubes and 
centrifuged. Supernatants were collected and stored in poly- 
propylene tubes at -20°C until assayed. Cells were har- 
vested by scraping and sonicating in 2 N acetic acid (5  ml) 
and stored at -20°C until assayed for protein (Bradford) and 
P-endorphin. 

Primary cell cultures were established with anterior pi- 
tuitaries collected from normal male rats. Tissues were 
finely minced and enzymatically dissociated for 5 min at 
37°C by delicately mixing in a solution of DMEM contain- 
ing 10 mg/ml BSA, 4 mg/ml collagenase, 1 mg/ml hyal- 
uronidase (Type IV-S), 0.01 mg/ml DNAase (Type I) (all 
enzymes from Sigma). Tissue fragments were collected 
by centrifugation, resuspended in DMEM containing 3 mg/ 
ml trypsin(300,OOO USP U/g; Sigma) and cells dispersed 
by titration through a polished pipet for 5 min at 37°C. Cells 
were harvested by centrifugation, rinsed once with DMEM 
containing 1 mg/ml lima bean trypsin inhibitor (Sigma), 
and washed twice with DMEM before being plated. Ap- 
proximately 70,000 cells in 2 ml DMEM containing 10% 
horse serum and 2.5% fetal bovine serum were plated 
in 35-mm wells and cultured until = 80% confluent (5-8 
days). 

Hypothalami Incubations. Incubations with ex- 
planted rat hypothalami were carried out as described by 

Calogero et al. (7). Hypothalami were carefully dissected 
and suspended on moveable nylon mesh platforms (nylon 
mesh monofilament 44 p,, Small Parts, Miami, FL) in wells 
(48 multiwell plates, Costar, Cambridge, MA) containing 
control media. Each plate was preincubated for 90 min at 
37°C with 5% CO,. The hypothalami were transferred in 
succession through three wells containing control media and 
then to experimental treatment media in the next two wells. 
Finally, the hypothalami underwent a provocative stimulus 
by potassium depolarization(60 mM KCl) to assess tissue 
responsiveness. Hypothalami were incubated for 20 min per 
well, an optimal incubation time established by Calogero et 
al. (7). Media samples were assayed directly for CRH. 

Incubation Medium and Experimental Treat- 
ments. Pituitary cells were cultured in DMEM (GIBCO/ 
BRL) containing 10% fetal bovine serum, 2% L-glutamine 
(200 mM), and 2% penicillin (5000 unitdml) - streptomy- 
cin(5000 pg/ml, GIBCO/BRL) (DMEM Complete) (6). Pi- 
tuitary hormone release studies were carried out with 
DMEM/BSA. Experimental treatments were dissolved in 
DMEM/BSA to achieve final concentrations as follows: lac- 
tate (0.5 x 10d3-5 x M ) ,  CRH (10-"-10-6), 
AVP( 1 0-8- 1 0-4 M> , norepinephrine ( 1 0-8- l 0-5 M> or epi- 
nephrine ( 10-8-10-5 M). Data presented are representative 
of replicate experiments (3,4,5) which together encom- 
passed the dose ranges above. Hypothalamic explants were 
incubated in medium 199 with modified Earl's salt 
(GIBCO/BRL), 0.1% BSA and 20 pA4 bacitracin (Aldrich, 
Milwaukee, WI) containing either 0 M, 3 x M, or 2 x 

M lactate. All media were adjusted to pH 7.4 and fully 
gassed prior to addition to the cells. 

Rad ioi m m u noassays. Corticotroph responses were 
assessed by measuring P-endorphin, which is co-released 
with ACTH. Immunoreactive P-endorphin was measured 
by RIA as previously described (8). The sensitivity of the 
assay is = 2.7 femtomoles. The C-55 antiserum used recog- 
nizes free and acetylated forms of P-endorphin,-,, and 
P-endorphin,-,, equally well but does not detect P-endor- 
phin,-,, (a-endorphin), P-endorphin,-,, (y-endorphin), me- 
thionine enkephalin, leucine enkephalin, a-melanocyte 
stimulating hormone, ACTH, CRH, or other nonopiate hy- 
pothalamic or pituitary hormones. 

CRH concentrations were determined by RIA using 
anti-rat CRH antiserum TS-3 as previously described (7). 
The assay is sensitive to = 5 picomoles. The antibody does 
not cross-react with thyrotropin-releasing hormone, somato- 
statin, substance P, vasoactive intestinal peptide (VIP), neu- 
ropeptide Y, ACTH, P-endorphin, vasopressin, oxytocin, 
luteinizing hormone, growth hormone, or many other unre- 
lated peptides and proteins. 

Statistical Analyses. Results were analyzed by 
one-way (dose response studies) and two-way (multiple 
treatment studies) ANOVA followed by Duncan's new mul- 
tiple-range test for comparison of group means. Data are 
presented as mean f standard error with significance set at 
P I 0.05. 
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Results * *  
T T *  Dose Response and Time Course Effects of 

CRH and Lactate. Several preliminary experiments (n = 
6) were conducted to assess the direct effects of lactate on 
corticotroph release in vitro. These showed that physiologic 
concentrations of lactate( 1 x lo3 M to 3 x lo2 M) failed to 
alter the spontaneous release (15-240 min) or cellular con- 
tent of P-endorphin in either AtT-20 cell or primary AL 
cultures. The positive control, CRH, markedly stimulated 
P-endorphin release in a dose-dependent manner. Represen- 
tative findings are presented in Table I and extended by the 
results of the following studies. 

Effects of Lactate in Combination with Lactate 
and CRH. The possibility that lactate may synergize with 
CRH to enhance stimulated secretion by AtT-20 cells and 
primary AL cell cultures was extensively investigated. Four 
separate experiments were performed using varying concen- 
trations of lactate (1 x M) both alone and 
in combination with CRH. The inactive isomer, D-lactate, 
was used as a control for the treatments. Figure 1 represents 
the overall findings of these experiments; additional find- 
ings are presented in Table I. Incubation for 3 hr with D- or 
L-lactate (3 x M) alone, or in combination with in- 
creasing doses of CRH (lo-", lo-", and M), had no 
effect on P-endorphin release singly and failed to alter the 
dose-response effects of CRH on AtT-20 corticotroph se- 
cretion. The highest dose of CRH tested alone (lob9 M> 
significantly increased P-endorphin release by more than 
5-fold (P < 0.05). Similar results were obtained with pri- 
mary pituitary cultures. For example, in one experiment 
where CRH (103) increased P-END release from 4.7 f 0.5 
pmol/plate to 10.2 f 0.8 pmol/plate over 4 hr, cells incu- 
bated in the presence of CRH with either 
M lactate released 12.6 k 0.7 and 8.4 & 0.4 pmol/plate (n = 
4), respectively. 

Effects of Lactate in Combination with Norepi- 
nephrine, Epinephrine, or AVP. Experiments were 
also conducted to determine the effects of L-lactate (0.5 x 

M> in combination with the catechol- 
amines, norepinephrine, and epinephrine ( 10-*-1 O4 M) on 

M-5 x 

M or 3 x 

M-5 x 

Table 1. Effects of Lactate on CRH-Induced 
P-Endorphin Release from AtT-20 Cells 

p-Endorphin release 
(pmoVplate; n = 4) 

Treatment condition Incubation time 

90 min 240 min 

Control 2.6 * 0.3 12.7 * 1.0 
Lactate (3 x 1 o - ~  M )  10.3 * 2.0 
CRH (1 0-8 M)  13.0 * 1.7* 37.0 * 3.2* 
Lactate (3 x M )  + 

CRH (lo-* M)  11.8 * 2.0* 35.8 * 1.8* 

2.2 * 0.3 

Note. Data represent means * SE. 
* Values significantly different from their corresponding control value: 
P 2 0.05. 
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Figure 1. The effects of corticotropin-releasing hormone (CRH) and 
D- and L-lactate on the spontaneous release of p-endorphin from rat 
AtT-20 cells. Cultured cells were incubated for 3 hr with either CRH, 
lactate (D- and L-), or CRH and lactate combined at the indicated 
molar concentrations. Each group of three adjacent bars represents 
data from cells exposed to CRH at the concentration indicated under 
the first bar of the series. Basal release is represented by the control 
bar (n = 6 welldtreatment). * represents significant difference from 
control ( P  c 0.05). 

the spontaneous release of P-endorphin by AtT-20 cells and 
primary rat AL cell cultures. Data presented in Figure 2 
represent the overall findings of these experiments. In this 
experiment, primary cultures of AL cells were treated with 
either L-lactate (5  x A4) alone or in combination with 
increasing doses of norepinephrine for 3 hr. L-lactate did 
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Figure 2. The effects of norepinephrine and L-lactate on the spon- 
taneous release of p-endorphin by primary cultures of rat anterior 
pituitary cells. Cells were incubated for 3 hr with either norepineph- 
rine (Norepi), lactate, or lactate and norepinephrine combined at the 
concentrations indicated. Each group of two adjacent bars repre- 
sents data from cells exposed to norepinephrine at the concentration 
indicated under the first bar of the series. Basal release is repre- 
sented by the control bar (n = 6 welMreatment). * represents sig- 
nificant difference from control (P  < 0.05). 
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not significantly alter basal release of P-endorphin from AL 
cells, whereas norepinephrine at concentrations of M 
and M significantly (P < 0.05) increased P-endorphin 
release two and three times over basal levels, respectively. 
As seen with CRH, L-lactate had no appreciable effect on 
corticotroph responses to norepinephrine. Similar experi- 
ments involving L-lactate (1 x 10-~ M-5 x 1 0 - ~  M) alone, 
or in combination with increasing doses of epinephrine 
( 10-8-10-4 M) or AVP ( 10-6-10-4 M) yielded similar re- 
sults. In all cases L-lactate failed to influence basal release 
or potentiate stimulated P-endorphin release from AtT-20 
cells or primary cultures of AL cells. Additional represen- 
tative findings are presented in Table I1 showing the failure 
of lactate to alter the dose response effects of epinephrine on 
P-endorphin release (3 h) from primary cultures of anterior 
pituitary cells. 

Effects of Lactate in Combination with a 
“Cocktail” of CRFS. In vivo activation of pituitary cor- 
ticotrophs is widely held to result from the simultaneous 
actions of several different corticotroph releasing factors. 
Because of this we also examined the effects of L-lactate in 
the presence of a “cocktail” of corticotroph activators con- 
sisting of CRH (lo-’’ M), norepinephrine M), epi- 
nephrine (10“ M), and AVP (lo-’’ M). The doses of sec- 
retogogues were selected to produce an intermediate corti- 
cotroph response upon which either enhancement or 
reduction could be observed. Representative results of ex- 
periments carried out with both AtT-20 and primary AL 
cultures are presented in Figure 3. Primary cultures of AL 
cells were treated with L-lactate (0.5 x 
M) alone and in combination with half-strength and full- 
strength “cocktail” for 3 hr. L-lactate, again had no direct 
effect on basal release of P-endorphin by AL cells, whereas 
the “cocktail” stimulated the release of P-endorphin in a 
dose-related manner. Lactate failed to potentiate the release 
of P-endorphin when combined with the “cocktail” and in 
fact, attenuated the stimulated release of P-endorphin pro- 
duced by the high concentration of cocktail. 

M and 5 x 

Table II. Effects of Lactate on Epinephrine-Induced 
P-Endorphin Release from Anterior Pituitary Cells 

Treatment condition p-Endorphin release 
(pmol/plate; n = 4) 

Control 
Lactate (5 x M) 
Epinephrine (1 0-7 M )  
Epinephrine (1 0-7 M )  + Lactate 

Epinephrine (1 0-6 M) 
Epinephrine M) + Lactate 

Epinephrine (1 0-5 M )  
Epinephrine M )  + Lactate 

(5 x 1 0 - ~  M) 

(5 x 1 0 - ~  M )  

(5 x 10-3 M) 

0.32 * 0.04 
0.47 * 0.1 1 
0.51 * 0.05 

0.68 0.09 
1.96 k 0.17* 

2.36 k 0.22* 
2.30 k 0.19* 

2.74 +: 0.19* 

4 1  

* * 
T 

0 . 5 ~ 1 6  5 x 1 6  
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Figure 3. The effects of L-lactate together with a combined treat- 
ment of CRH, AVP, norepinephrine, and epinephrine on the release 
of @-endorphin from primary cultures of rat anterior pituitary cells. 
Full-strength “cocktail” contained CRH (1 O-’’ M), norepinephrine 
(lo-‘ M), epinephrine M), and AVP (lo-’’ M). Cells were in- 
cubated for 3 hr with either L-lactate, “cocktail”, or a combination of 
the two at the indicated concentrations. Basal release is represented 
by the control bar (n  = 6 wells/treatment). * represents significant 
difference from control (P  < 0.05). 

Long-Term Effects of Lactate on Corticotroph 
Release. Additional studies were conducted to examine 
the longer-term effects of lactate on both basal release and 
cellular content of P-endorphin in AtT-20 cells. Three sepa- 
rate experiments revealed that physiologic concentrations of 
lactate (1 x M) had no effect on the release 
or cellular content of P-endorphin over periods of 1, 2, or 3 
days. Table I11 show the results of an experiment conducted 
over 48 hr. 

Effects of Lactate on CRH Release. An investiga- 
tion was performed to determine the effects of L-lactate on 
the release of CRH by rat hypothalamic explants. As shown 
in Figure 4, hypothalamic explants exhibited a spontaneous 
release of basal CRH of 14.3 k 0.5 pmol/l00 pl over the 30 
min incubation period. Incubation for 30 min with L-lactate 
at physiologic concentrations significantly decreased basal 
release of CRH by hypothalamic cells (P < 0.05). In con- 
trast, cellular depolarization by KC1 (60 mM) stimulated the 
release of CRH 2-fold over basal levels (P < 0.05). 

M-5 x 

Table 111. Long-Term Effects of Lactate on 
p-Endorphin Release from AtT-20 Cells 

Treatment condition p-Endorphin release 
(pmol/plate; n = 5) 

Control 
Lactate (1 0-3 M )  
Lactate (3 x M) 
Lactate (1 0-2 M) 
Lactate (3 x M )  

51 k 2  
49 f 1 
50 f 2 
52 f 1 
54 f 1 

Note. Data represent means * SE. 
* Values significantly different from control; P 2 0.05. 

Note. Data represent mean 
culture. 

SE for p-Endorphin release over 48-hr 
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Figure 4. The effects of L-lactate and 60-mM KCI on the release of 
corticotropin-releasing hormone (CRH) from rat hypothalamic ex- 
plants. Hypothalami were equilibrated in control medium and then 
exposed to L-lactate (3 x 1 0-3 M or 3 x 1 0-2 M) followed by 60 mM 
KCI. Basal release is represented by the control bar (n = 6 wells/ 
treatment). * represents significant difference from control ( P  c 
0.05). 

Discussion 
The role metabolic products play in regulating HPA 

function remains to be fully defined. Several lines of evi- 
dence indicate that lactic acid, a principal product of an- 
aerobic metabolism, may contribute to HPA activation un- 
der conditions of strenuous exercise. During exercise in 
normal subjects, parallel increases in mean concentrations 
of circulating lactate, ACTH, and cortisol occur in an in- 
tensity-dependent manner (3, 4). Moreover, at the same in- 
tensity of exercise, differences among individual subjects 
clearly reveal a direct correlation between the magnitude of 
one's plasma lactate response and degree of HPA activation 
(9). Thus, the present investigation sought to determine if 
lactic acid plays a physiologic role in regulating the HPA 
axis. Overall, the findings show that physiologic concentra- 
tions of lactic acid do not stimulate HPA function by acting 
either directly on the pituitary corticotrophs or hypotha- 
lamic neurons secreting CRH. 

An extensive series of in vitro experiments demon- 
strated that lactate has no direct effects that stimulate cor- 
ticotroph function, acting either alone or in combination 
with other established releasing factors including CRH, nor- 
epinephrine, epinephrine, or AVP. In a consistent manner, 
lactic acid also failed to directly stimulate the release of 
CRH from rat hypothalamic explants. In fact, lactate tended 
to inhibit the spontaneous release of CRH by cultured ex- 
plants. While it is possible that lactate may facilitate the 
return to basal HPA function following exercise, an exten- 
sive in vivo investigation is needed to establish this role. 
Overall, on the basis of the present findings, it is concluded 
that lactate does not play a major role in controlling basal or 
stimulated HPA function through direct actions at the level 
of pituitary or hypothalamus. 

The present findings do not preclude a role for lactate 
in regulation of the HPA axis. Rather, they suggest that its 
actions may be mediated via extra-hypothalamic brain cen- 
ters, which increase the drive for CRH, AVP, and/or adrenal 
catecholamine release. Actions for lactate in the central ner- 
vous system (CNS) have been postulated based upon the 
findings of studies on anxiety and panic (10). It is well 
recognized that infusion of lactate elicits panic attacks in 
individuals with panic disorders (1 1) and that humans most 
susceptible to panic attacks exhibit higher levels of serum 
lactate during exercise as compared to those who are less 
susceptible (12). Primates exhibiting elevations in blood 
lactate levels also demonstrate parallel increases in CNS 
lactate concentrations. These findings are consistent with 
the notion that lactate has a role in mediating CNS re- 
sponses. Recent evidence in rats has further defined a po- 
tential mechanism involved by indicating the organum vas- 
culosum of the lamina terminalis (OVLT) as the specific 
site where lactate may be sensed by the brain (13). The 
extent to which the OVLT or other circumventricular organs 
participate in lactate-mediated neuroendocrine responses to 
exercise and other stimuli remains to be determined (13, 
14). 

It is also possible that the condition of strenuous exer- 
cise unmasks a mechanism through which lactate may alter 
HPA function. Such a mechanism might involve either cen- 
tral or peripheral sites of action since there is precedent for 
lactate to act in both manners to control respiration (15). 
Actions of lactate could involve paracrine or even intracine 
mechanisms. Physiologic changes in the pH of blood or 
cerebral spinal fluid might provide the basis for unmasking 
a latent mechanism by which lactate controls the function- 
ing of the HPA axis. The present experiments were carried 
out under a constant condition of pH and would not there- 
fore have revealed such a mechanism even if it normally 
occurred at the level of the pituitary or hypothalamus. 

In summary, the present findings show that physiologic 
concentrations of lactate do not alter hypothalamic/pituitary 
corticotroph function through actions directly on the pitu- 
itary or hypothalamus. Thus a physiologic role for lactate in 
mediating HPA activation would have to occur through ac- 
tions at extra-pituitary and hypothalamic sites or via a con- 
dition-dependent mechanism that is unmasked by strenuous 
exercise. 
~~ 
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